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ABSTRACT 


•>-An~att«mpt  has  been  made-to  study  the  oxidation  of  thin 
film  resistors  and  its  impact  on  the  electrical  film  properties  as 
an  isolated  process.  Polycrystalline  and  single  crystal  ohromium 
films  were  deposited  under  extremely  clean  conditions  thus  leaving 
mainly  the  various  gas-metal  interactions  as  possible  degradation 
processes. 

Simultaneous  measurements  of  resistance  and  surface  poten¬ 
tial  as  functions of  oxygen  uptake  from  atomioally  clean  polycrys¬ 

talline  films  up  to  20  X" oxide  thickness  distinguished  between  the 
individual,  oxidation  stages, and  it  was  found  that  the  kinetics  of 
incorporation  is  consistent  with  the  surface  potential  and  the  sur¬ 
face  structure  to  be  rate  controlling.  At  oxides  thicker  than  6  X 
the  oxidation  is  governed  by  the  Mott-Cabrera  mechanism  over  the 
temperature  range  from  below  -78°C  to  higher  than  +50°-.  The  oxi¬ 
dation  appears  to  affect  the  resistance  merely  by  the  reduction  of 
the  oross  section  of  the  conductive  path,  the  effective  thickness 
being  much  less  them  the  measured  mass  thickness. 

Single  crystal  chromium  films  without  detectable  grain 
boundaries  over  the  substrate  area  have  been  prepared  on  vacuum  cleaved 
rocksalt,  A  reliable  contacting  technique  has  been  developed  and 
the  rocksalt  surface  fine  structure  found  to  be  compatible  with 
meaningful  electrical  measurements.  Preliminary  measurements  showed 
the  TCR  to  be  equal  to  the  bulk  value  above  room  temperature.  , 

Equipment  for  simultaneous  surface  potential  and  resis¬ 
tance  measurements  during  oxidation  of  single  crystal  films  has  been 
designed  and  constructed. 
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1.  INTRODUCTION 

Among  the  numerous  ageing  mechanisms  being  in  general 
simultaneously  present  in  commercial  thin  film  resistors,  oxidation 
is  considered  to  contribute  most  to  the  long  term  drift  of  electri¬ 
cal  properties.  It  is  also  often  the  indirect  cause  of  catastrophic 
failures  like  "thermal  runaway"  where  a  hot  spot  in  the  constriction 
of  the  film  may  cause  accelerated  oxidation  and  therefore  further 
constriction.  Impurity  nuclepted  crystallization  in  the  region  of 
contact  lands  can  result  in  preferential  oxidation  due  to  a  reduc¬ 
tion  in  the  effectiveness  of  the  protective  self  limiting  oxide 
(v/alker,  et  al1).  Other  major  failure  mechanisms  include  diffusion 
processes  involving  material  from  the  contact  lands  or  gaseous  im¬ 
purities,  metallurgical  changes  like  annealing  processes  and  precipi¬ 
tation,  and  also  various  interactions  with  the  substrate.  Many  of 
these  processes  can  be  strongly  linked  with  oxidation,  as  e.g, 
preferential  oxidation  of  one  phase  in  alloy  films  can  result  in 
precipitation  processes  (Levinson  and  Stewart  ).  The  strong  inter¬ 
dependence  of  oxidation  with  other  failure  mechanisms  and  the  common 
manufacturing  practice  of  "stabilising"  the  deposited  thin  film 
resistors  by  either  anodisation  or  exposure  to  air  at  elevated 
temperatures  led  to  the  conclusion  that  oxidation  is  one  of  the 
most  important  ageing  mechanisms. 

The  published  literature  illustrates  the  difficulties  of 
sepirating  oxidation  from  simultaneous  metallurgical  and  diffusion 
processes.  Almost  no  measurements  of  the  oxidation  kinetics  have 
been  made  simultaneously  with  measurements  of  the  electrical  proper- 


ties,  and  they  ean  therefore  not  provide  information  about  the 
mechanism  of  oxidation  and  the  rate  determining  process. 

4  further  difficulty  is  the  emphasis  of  the  present  oorrosion 
literature  on  the  heavy  oxidation  of  metals  at  higher  temperature. 

fhe  present  work  is  aimed  at  isolating,  the  oxidation  process 
of  a  resistive  film  in  order  to  study  its  mechanism  and  the  kinetios 
of  the  oxide  growth  under  a  variety  of  conditions.  Chromium  was 
chosen  as  resistor  material  since  it  represents  a  major  component  in 
commercial  resistors  and  forms  their  protective  oxide.  Three  con¬ 
ditions  have  to  be  met  in  order  to  study  the  oxidation  process  in 
detail  and  to  assess  its  importanoe  to  the  film  stability* 

i)  The  oxidation  has  to  be  separated  from  the  other  ageing 

rneohanisms  whioh  are  usually  present  in  thin  film  resistors, 

ii)  The  various  stages  of  oxygen-metal  interactions  have  to  be 
etudied  in  detail  from  the  coverage  of  much  less  than  one 
monolayer  of  oxygen  on  a  dean  surfaoe  up  to  the  formation 
of  a  distinct  oxide  phase. 

iii)  The  impact  of  each  interaction  stage  on  the  electrical 
properties  of  the  film  has  to  be  known. 

In  order  to  meet  condition  (i)  a  single  crystal  film  was 
ohosen  as  resistor  thus  eliminating  precipitation,  annealing  pro¬ 
cesses  and  grain  boundary  effects.  Further,  it  is  possible  to  exolude 
the  diffusion  of  contact  material  into  the  resistor  films  by  using  a 
thicker  layer  of  the  same  material  as  contact  lands.  This  leaves 
only  surface  interactions  and  the  interaction  with  the  substrate,  the 
latter  being  assessed  as  of  minor  importance. 


Condition  (ii)  is  met  by  depositing  the  chromium  films 
from  pure  sources  under  ultra-high  vacuum  conditions,  so  that  their 
surfaces  are  initially  atomically  clean  and  by  using  gas  handling 
systems  which  allow  gas  quantities  equivalent  to  a  fraction  of  & 
monolayer  to  be  admitted. 

Sinoe  the  oxidation  is  a  oomplex  process  involving  physi¬ 
cal  adsorption  of  oxygen  at  the  film  surface,  chemisorption  and  the 
eventual  incorporation  of  oxygen  into  an  oxide  layer  overall  kinetio 
measurements  cannot  distinguish  between  the  various  steps.  In  this 
study  we  use  simultaneous  measurements  of  gas  pressure,  film  resis¬ 
tance  and  film  work  function  change  to  enable  the  various  processes 
to  be  separated,  and  to  observe  which  is  rate  determining. 

Condition  (iii)  is  met  by  measuring  various  physical 
properties  simultaneously  with  the  resistance  and  by  trying  to 
assess  theoretically  the  impact  of  the  various  mechanisms  on  the 
electrical  properties.  The  experiments  on  single  crystal  surfaces 
should  also  yield  information  about  ^he  orientation  dependence  of  the 
oxidation  process,  its  dependence  on  the  defeot  concentration  and 
should  help  to  determine  more  precisely  the  impact  of  oxidation  on 
the  electrical  properties  of  thin  films.  Additional  measurements 
on  polycrystalline  chromium  films  on  glass  substrates  are  expected  to 
determine  the  influence  of  the  grain  structure  on  the  oxidation  pro¬ 
cess  and  represent  a  link  to  commercially  used  resistor  material. 
Furthermore,  it  is  difficult  to  measure  accurately  the  amount  of  gas 
adsorbed  on  a  single  crystal  surfaoe,  since  its  area  is  necessarily 
small  compared  to  other  adsorbing  areas  in  the  reaction  cell.  It 
has  to  be  inferred  from  the  exposure  to  the  gas,  work  function  or 
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other  physioal  data,  whereas  it  can  be  determined  volume trioally 
with  great  accuracy  cn  polycrystalline  films.  Measurements  on 
these  two  types  of  film  therefore  complement  each  other. 

A  kinetic  study  of  the  oxidation  mechanism  over  a  wide 
range  of  temperatures  and  oxide  thicknesses  and  the  study  of  its 
impact  on  the  e’ectrical  film  properties  could  give  the  following 
information  under  the  assumption  that  the  oxidation  follows  the 
same  rate  laws  in  the  presence  of  other  processes; 

(a)  An  estimate  of  the  extent  to  which  resistor  degradation 
is  due  to  oxidation  over  the  normal  range  of  working 
temperatures. 

(b)  One  or  several  rate  equations  which  can  be  advantageously 
used  in  life  test  experiments  provided  the  oxidation  rate 
is  analytioally  correlated  with  the  drift  of  the  electri¬ 
cal  properties.  The  knowledge  of  the  validity  of  a  rate 
equation  over  a  range  of  thicknesses  and  stress  conditions 
would  also  enable  us  to  predict  individual  component  life 
with  respect  to  oxidation. 

(c)  The  knowledge  of  a  particular  oxidation  process  would  be 
applicable  to  similar  materials. 

(d)  The  knowledge  of  the  detail  processes  could  suggest  means 
of  controlling  the  oxidation  during  manufacture  either  by 
certain  additives  in  the  source  material  or  gas  ambient 
or  by  altering  the  temperature- time  sequence  of  the  oxi¬ 
dation  process. 

This  report  describes  the  progress  that  has  been  made  in 
the  first  contract  year  towards  the  comprehensive  programme  outlined 
and  the  aims  listed  above. 


2.  EXPERIMENTAL  METHODS 


Some  of  the  experimental  methods  used  are  unusual  in  re¬ 
liability  studies,  and  xherefore  a  brief  description  will  be  given 
before  describing  the  experimental  arrangement  and  data  obtained. 

2.1  Volumetric  kinetic  data 

The  amount  of  gas  taken  up  by  a  film,  the  rate  of  uptake, 
and  the  pressure  dependence  of  the  uptake  can  be  measured  by  adding 
known  volumes  of  gas  to  the  cell  containing  the  film,  and  monitoring 
the  fall  in  pressure. 

In  the  experimental  arrangement  used  for  polycrystalline 
film  measurements  the  apparatus  is  arranged  so  that  there  are  vir¬ 
tually  no  adsorbing  surfaces  present  apart  from  the  resistor  film. 
This  enables  the  uptake  of  gas  by  the  film  to  be  accurately  measured. 
The  gas  pressure  and  film  temperature  are  also  monitored  so  that 
overall  kinetic  measurements  of  the  oxidation  process  can  be  made. 
Since  volumetric  measurements  on  single  crystal  films  are  difficult 
because  of  stray  adsorption  on  other  surfaces,  the  exposure  (i.e. 
pressure  times  time)  is  used  as  indication  for  the  coverage  which 
makes  pressure  measurements  over  a  wide  pressure  range  neoessary. 

2.2  Surface  potential  measurements 

The  work  function  of  metal  surfaces  is  extremely  sensitive 
to  very  slight  changes  in  the  condition  of  the  surface.  In  respeot 
of  oxidation  processes  measurements  of  work  function  change  are 
particularly  valuable  in  two  respects* 
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(a)  Adsorption  onto  the  metal  film  surfaoe  may  be  either  weak 
physical  adsorption  involving  van  der  Waals  forces,  or 
chemisorption  involving  definite  bond  formation  between 
the  gas  and  the  surface.  In  the  initial  stages  of  oxi¬ 
dation,  oxygen  moleoules  strike  the  metal  surface  and 
become  dissooiatively  adsorbed  to  give  a  layer  of  chemi¬ 
sorbed  oxygen  atoms.  Because  of  the  relative  electro¬ 
negativities  of  oxygen  end  metals  in  general  (except  gold), 
this  results  in  a  double  layer  of  oharge  at  the  metal  sur~ 
face  with  the  negative  charge  directed  outwards  which 
results  in  an  increase  of  work  funotion.  This  increase 

is  referred  to  as  the  surface  potential  (S.P.)  (an  increase 
in  work  function  is  conventionally  a  negative  S.P.).  Under 
some  circumstances  a  weak  moleoular  oxygen  adsorption  ocours 
where  the  polarization  of  oxygen  molecules  in  the  surface 
field  results  in  a  positive  S.P,  Physioal  adsorption  gives 
always  a  positive  S.P.  The  transport  of  a  chemisorbed 
oxygen  from  the  surface  into  the  metal  lattice  is  equi¬ 
valent  to  the  oxidation  process  and  should  result  in  a 
decrease  of  the  (negative)  surface  potential.  Hence,  work 
function  measurements  should  allow  distinctions  to  be  made 
between  molecular ly  adsorbed  oxygen,  atomic  -.hemisorption, 
and  the  penetration  of  oxygen  atoms  into  the  metal  lattice. 

(b)  At  a  later  stage  in  the  oxidation  when  a  distinct  film  of 
oxide  exists  on  the  metal  surface,  the  subsequent  growth 
will  be  influenced  by  any  field  ucross  the  oxide  layer, 


due  to  the  S.P.  of  the  ohemisorbed  oxygen  atoms  at  the 
vacuum  oxide  interface.  Ve  have,  for  example,  measured 
the  S.P.  of  a  saturated  chemisorbed  oxygen  layer  on 
chromium  as  -2.2  V,  which  could  represent  a  field  of 
2.2  x  10^  volts/om  across  a  10  X  thiok  oxide  film. 

Fislds  of  this  order  of  magnitude  are  therefore  sufficient 
to  control  the  diffusion  of  species  through  the  oxide  film. 
The  techniques  are  described  in  detail  in  section  3.12(a) 

2.3  Film  area  measurements 

One  difficulty  with  polycrystalline  metallic  thin  films  is 
the  uncertainty  of  their  structure,  whioh  oan  only  be  thoroughly 
studied  by  depositing  them  in  situ  inside  an  electron  microscope 
under  u.h.v.  conditions.  Since  the  structure  of  dean  films  and 
the  structural  changes  during  oxidation  influence  the  eleotrioal 
properties,  the  measurements  of  the  true  film  area  as  opposed  to  the 
geometric  area  are  useful,  as  they  provide  some  structural 
information  during  the  oxidation  process.  Roughness  factors  upto 
3  are  known  for  200  ft  thick  chromium  films  which  had  been  annealed 
at  80°C.  They  would  introduce  a  considerable  error  into  any  rate 
equation  containing  the  oxide  thickness.  The  roughness  factor 
also  changes  during  the  oxidation.  Therefore,  surface  area 
measurements  have  been  carried  out  in  situ  on  the  resistor  films 
by  inert  gas  adsorption  measurements,  to  allow  meaningful  oxide 
thickness  measurements  to  be  made,  and  to  provide  some  structural 
data  before  and  during  oxidation.  These  measurements  do  not 
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interfere  with  the  oxidation  process.  They  can  be  roughly  related 
to  the  number  of  metal  atoms  in  the  surface  and  to  the  crystallite 
size. 

2.4  Electrical  properties 

Simultaneously  to  the  measurements  desoribed  above  the 
resistance  and  its  temperature  coefficient  were  determined  which 
gives  a  close  relationship  between  the  physical  and  chemical 
phenomena  during  oxidation  and  the  electrical  properties  which 
are  in  this  oontext  of  primary  importance. 

3.  POLYCRYSTALLINE  FILMS 
3.1  Experimental  Arrangement 

3.11  Vacuum  System 

A  bakeable  meroury  borosilicate-glass  vacuum  system  has 
been  used,  a  schematic  diagram  of  which  is  shown  in  figure  1. 

Gas  can  be  admitted  from  the  storage  bulbs  to  a  meroury  cut-off 
set  incorporating  a  McLeod  gauge.  The  cut-offs  completely  isolate 
the  storage  section,  so  that  the  high  vacuum  is  not  exposed  to  grease 
taps  or  inbaked  glassware,  except  the  McLeod  gauge  which  can  be 
torched  out.  Prom  this  cut-off  set  small  and  accurately  measured 
quantities  of  gas  can  be  admitted  through  the  cold  trap  (4)  and 
either  valve  (2)  or  the  capillary  to  the  reaction  cell  and  the  gauge 
assembly.  The  reaction  cell  and  gauge  assembly  plus  valve  (2)  and 
cold  trap  (4)  were  designed  to  have  the  minimum  possible  volume  to 
increase  the  accuracy  of  the  volumetric  measurements,  (the  total 
vn  «ne  being  «.  450  cc) ,  and  to  have  a  minimum  of  stray  adsorption 


surfaces  (the  valve  Vg  is  of  all-glass  construction  except  for  a 
glas8*>enoased  iron  slug  which  moves  a  highly  polished  glass  plate, 
and  all  tungsten  electrodes  and  supports  in  the  gauges  and  the  re¬ 
action  cell  are  glass  encased  as  far  as  possible).  The  cold  trap 
Vg  is  designed  so  that  the  inlet  and  exit  from  the  cooled  region 
are  identical,  so  that  no  thermomolecular  flow  corrections  have 
to  be  made  when  measuring  the  equilibrium  pressure  in  the  cell 
assembly  with  the  McLeod  gauge.  With  this  arrangement  it  is 
possible  to  admit  measured  quantities  of  g-.  ,es  to  a  resistor  film 
equivalent  to  a  few  per  cent  of  one  monolayer  of  gas  on  the  sur¬ 
face  of  the  film.  The  pumping  arrangement  (diffusion  pump  (l), 
cold  traps  (2)  and. (3)  terminating  in  valve  (l))  was  used  as  a 
fast  pumping  line  to  increase  the  pumping  speed  during  outgassing 
and  film  deposition.  However,  only  a  polished  glass  sliding  valve 
could  be  used  for  valve  1.  Conventional  metal  ultra  high  vacuum 
valves  and  a  specially  constructed  glass  valve  using  liquid  gallium 
as  seal  adsorbed  large  quantities  of  oxygen,  and  therefore  intro¬ 
duced  intolerable  errors  to  the  volumetric  measurements.  Since  the 
conduction  of  the  polished  glass  valve  caused  errors  above  0.1  micron 
this  system  was  only  used  for  experiments  at  low  pressures.  The 
system  was  sealed  off  at  the  point  marked  OOfor  experiments  at 
higher  pressures.  The  base  line  vacuum  obtained  with  either 
arrangement  after  thorough  outgassing  and  bakeout  was  1  to  2  x  10*^ 
torr.  However,  in  view  of  the  small  pumping  speed  great  care  had  to 
be  taken  with  cleanliness,  and  all  parts  were  capable  of  thorough 
outgassing. 
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3,12  The  reaotion  cell 
3.12  (a)  Surface  Potential  Measurements 

A  diagram  of  the  reaotion  cell  based  on  a  design  by  Rfitohard? 
is  shown  in  Fig. 2.  *Rie  resistor  film  is  deposited  onto  a  spherioal 
borosilicate  glass  bulb,  whioh  then  forms  the  envelope  of  a  ther¬ 
mionic  diode  with  the  resistor  film  as  the  anode.  The  central 
directly  heated  cathode  is  maintained  at  constant  temperature  by 
placing  it  in  one  arm  of  a  very  sensitive  Wheatstone  bridge  and 
by  circulating  water  at  constant  temperature  around  the  filament 
lead  ins.  This  avoids  any  changes  in  cathode  temperature  when  the 
cell  temperature  is  changed.  The  current/voltage  relationship  in 
the  retarding  field  region  is  (Crowell  and  Armstrong4)* 

t  rr  2  f  *  Va)  I  /-,> 

I  -  CTQ  exp  l - -  J  (1; 


where 


I 

C 


anode  work  function 
anode-cathode  voltage 
cathode  temperature 
diode  current 

constant  (depending  on  the  effective  oathode  area) 


The  equation 


I  - 


R 


(2) 
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must  also  be  satisfied  where  is  the  e.m.f.  and  R  the  resistance 

D  8 

of  the  diode  current  source. 

Thus  at  a  constant  cathode  temperature  we  have  from 
equations  (l)  and  (2) 
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so  an  electrometer  monitoring  the  anode  voltage  will  measure  changes 
in  the  anode  work  function  directly  if  the  resistance  of  the  cur¬ 
rent  source  is  much  greater  than  the  dynanic  resistance  of  the  diode. 
This  method  is  suitable  for  the  measurement  of  work  function  changes 
produced  by  gas  adsorption,  since  it  is  insensitive  to  changes  in  the 
cathode  work  function.  The  sensitivity  is  largely  determined  by  the 
stability  of  the  cathode  temperature  and  by  zero  point  drift  in  the 
electrometer.  In  practice  a  sensitivity  of  about  1  mV  can  be  ob¬ 
tained  and  in  the  measurements  reported  here  it  was  usually  of  the 
order  of  a  few  millivolts.  Two  types  of  circuits  were  used  as  shown 
in  figure  3.  In  method  (a)  i/V  plots  are  obtained  before  and  after 
changing  the  work  function  of  the  anode, their  displacement  giving 
the  change  in  work  function  under  the  condition  of  the  characteris¬ 
tics  being  parallel.  Any  errors  in  the  design  of  the  diode  or  aqjr 
change  in  the  stability  of  the  cathode  will  be  reflected  in  non- 
parallel  diode  characteristics. 

In  order  to  operate  the  diode  ir.  intermittent  pressures 
up  to  approximately  1  x  lO*'*  torr  of  oxygen,  the  cathode  must  be 
inert  against  oxygen  pressure  up  to  this  range.  According  to 
Singleton  tungsten  cathodes  are  not  suitable,  since  small  quan¬ 
tities  of  WO,  vapour  arc  reported  to  be  produced  at  temperatures 
y 

o 

above  950  C  and  pressures  below  10  torr.  The  rate  of  production 
of  oxides  is  reported  to  decrease  beyond  -  1600°C.  Therefore, 
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tungsten  and  rhenium  cativ  'es  were  coated  with  lanthanum  hexaboride 
(La  B^)  to  decrease  the  operating  temperature  and  the  rate  of  oxi¬ 
dation  at  low  pressures.  Normally  the  La  B^-coating  reacts  with 
the  metal  to  give  the  metal  boride,  and  lanthanum  is  evaporated 
from  the  cathode.  This  reputedly  does  not  ooour  fcr  coated 
rhenium  cathodes. 

Two  types  of  cathode  filaments  were  tested* 

A  0.075  mm  tungsten  wire  (0.003')  ooated  with  a  thin  layer 
of  zirconium  carbide,  sintered  in  vacuum  at  l800°C,  and 
then  coated  with  lanthanum  hexaboride  to  a  final  diameter 
of  0.0065”  (0.17  mm) 

A  0.25  mm  rhenium  wire  (0.010") coated  directly  by  oata- 
phoresie  from  a  suspension  of  lanthanum  hexaboride  in 
acetone. 

The  carbon  layer  on  the  first  filament  reputedly  minimizes  the  re- 
aotion  between  tungsten  and  the  boride  coating. 

Figure  4  shows  i/V  curves  over- a  range  of  cathod a  tempera¬ 
tures  from  which  it  can  be  shown  by  the  comparison  with  plain  W  that 
the  work  function  of  the  rhenium  basedcathode  is  approximately  the 
same  as  bulk  lanthanum  hexaboride  (approx.  2.7  eV,  Lafferty^). 

Figure  5  shows  the  variations  in  work  function  of  the  gold  anode 
around  the  tungsten  based  cathode  as  a  function  of  time  and  cathode 
temperature.  It  is  concluded  that  lanthanum  evaporates  from  these 
cathodes  at  temperatures  at  and  above  1150°C.  No  similar  ohanges 
could  be  observed  for  the  rhenium  based  cathodes  below  l800°C. 

Thus  it  is  con.  uded  that  La  Bg-coated  rhenium  cathodes  are  suf¬ 
ficiently  stable  for  the  present  purpose. 
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LaBg-eoated  rhenium  cathodes  were  used  for  some  of  the 
measurements  described,  but  plain  tungsten  oathodes  yielded  iden¬ 
tical  results  and  the  following  evidence  exists  that  no  evaporation 
of  WOj  ocourredi 

i)  Identical  work  function  changes  were  obtained  with  plain 
tungsten  and  LaBg-coated  rhenium  cathodes  when  admitting, 
oxygen  to  the  resistor  films. 

ii)  No  instabilities  could  be  detected  in  the  -athode  bridge 
circuit  as  would  be  expected  if  the  cathode  were  chemi¬ 
cally  attacked. 

iii)  Using  the  circuit  of  figure  3(a)  the  diode  oharaoteristio8 
were  found  to  be  parallel  during  addition  of  oxygen  to  the 
resistor  films. 

iv)  The  saturation  S.P.  of  oxygen  on  chromium  at  -196°C  has 

7 

been  measured  by  Roberts  using  a  vibrating  capacitor 
technique  involving  no  heated  filaments.  We  obtain  the 
same  value. 

For  both  cathode  materials  there  exists  a  minimum  tempera- 
tur-  -allow  which  very  small  quantities  of  oxygen  cause  an  almost 
total  drop  in  diode  current,  which  is  due  to  very  severe  poisoning 
by  ohemisorbed  oxygen  and  does  not  occur  on  tungsten  at  temperatures 
above  1500°C.  The  optimum  temperature  for  LaBg-coated  rhenium 
cathodes  was  -  1200°C.  A  further  complication  arises  through  the 
dissociation  of  oxygen  molecules  at  the  hot  oathode  surface  and  the 
combined  interaction  of  oxygen  atoms  and  molecules  with  the  anode. 
The  far  higher  adsorption  rate  of  oxygen  atoms  renders  any  inter- 
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protation  of  adsorption  measurements  problematic  even  if  only  a 
small  fraction  is  dissociated.  Therefore  we  admitted  only  small 
doses  of  oxygen  via  the  capillary  system  (figure  l)  to  ensure 

rapid  pressure  decrease  during  adsorption  and  to  prevent  an  in- 

-5 

crease  of  pressure  above  10  torr.  At  higher  pressures  the  oathode 
was  switched  off  during  oxidation  and  the  pressure  decreased  for  the 
measurements. 

3.12  (b)  Resistance  Measurements 

For  resistance  measurements  two  125n  thick  platinum  foil 
contacts  were  sealed  onto  the  equator  of  the  bulb  (figure  2)  and 
spot-welded  to  the  glass-encased  tungsten  leads.  Good  eleotrical 
contact  to  the  films  over  the  temperature  range  -196°C  to  +90°C 
could  only  be  achieved  by  lapping  the  glass  over  the  edges  of  the 
platinum  foils. 

The  film  resistance  was  measured  by  means  of  an  AC  bridge 
(Wayne-Kerr  B22l)  with  a  sensitivity  of  »1  nO,  although  the  accu¬ 
racy  of  measurements  rarely  attained  this  value  due  to  electrical 
interference  and  difficulties  of  precise  temperature  control. 
Resistance  changes  equivalent  to  approximately  2  x  10 of  the  film 
resistance  could  be  measured. 

Values  of  film  resistance  could  only  approximately  be 
converted  to  resistivity  because  of  the  geometry  of  the  bulb  and  its 
appendages  and  the  uncertainty  about  the  precise  position  and  the 
shape  of  the  contacts. 

The  film  resistance,  surface  potential,  and  the  gas  pres¬ 
sure  in  the  reaction  vessel  could  be  displayed  versus  time  on  a 
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three  pen  chart  recorder.  Resistance  and  surface  potential  could 
not  be  simultaneously  displayed,  since  the  circuits  interfered. 
Switching  between  these  two  measurements  took  approximately  one 
minute. 


3.13  Pressure  measurements 

The  accurate  and  continuous  measurement  of  oxygen  and 

-7  -1 

xenon  pressures  over  the  region  10  torr  to  10  torr  and  residual  gas 
pressures  down  to  10”^  torr  was  achieved  by  using  four  types  of  gauges. 

(a)  A  normal  Bayard-Alpert  ionization  gauge  was  used  for 
monitoring  the  general  background  pressure. 

(b)  A  specially  constructed  McLeod  gauge,  which  oould  be 
torched  for  outgassing,  and  which  exposed  no  surfaces  ex¬ 
cept  glass  and  mercury  to  the  ambient  vacuum,  was  used  for 
measuring  gas  pressures  in  the  closed  system,  and  as  a 
standard  for  calibrating  the  other  gauges.  It  covered 

"5  ,  -2 

the  range  5  x  10  torr  to  6  x  10  torr. 

g 

(c)  A  miniature  ion  gauge,  based  on  th®  Schultz-Phelpe  pattern 
but  with  gold  electrodes  (to  minimize  stray  adsorption)  and 
a  LaBg-coated  rhenium  cathode  was  constructed  for  the 
measurement  of  xenon  pressures.  This  gauge  had  an  almost 
linear  response  for  xenon  over  the  range  5  x  10*"^  torr  to 
1CT^  torr  and  probably  higher.  It  oould  not  be  used  to 
measure  oxygen  pressures  since  the  cathode  was  attacked 

at  oxygen  pressures  of  the  order  of  10*^  torr.  The 
miniature  ion  gauge  was  normally  operated  at  a  low 
emission  current  of  about  7pA,  so  that  no  errors  resulted 
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from  gauge  pumping. 

(d)  An  ultra  sensitive  Pirani  gauge  was  used  to  monitor  oxygen 
pressure^.  The  filament  consisted  of  25  cm  of  25p  dia¬ 
meter  nickel  wire  that  was  rolled  into  tape  to  increase 
its  sensitivity  (Ellet  and  Zabel^). 

The  gauge  was  extremely  sensitive  to  very  small  changes 
in  temperature,  and  also  to  the  ambient  illumination,  so 
it  was  constructed  within  a  blackened  water  jacket.  Nor¬ 
mally  the  jacket  was  thermostated  at  28°C,  and  the  fila¬ 
ment  maintained  at  120°C.  Using  a  high  impedance  instru¬ 
ment  with  a  full  soale  deflection  of  1  mV  to  detect  the 
error  signal  from  the  Pirani  bridge,  pressures  down  to 

1  x  10”^  torr  could  be  measured.  The  gauge  was  cali- 

-2 

brated  up  to  6  x  10  torr,  and  when  the  nickel  filament 
was  oxidised  by  heating  to  300°C  in  oxygen  before  the 
gauge  was  put  into  service,  the  calibration  did  not 
change  over  long  periods  of  time. 

3.14  Evaporation  procedure  and  puri ty  of  materials 
The  gases  used  were  all  of  the  spectroscopically  pure 
grade  and  were  supplied  by  the  British  Oxygen  Company  Ltd.  The 
purity  of  the  xenon  was  checked  by  measuring  the  vapour  pressure 
at  liquid  oxygen  temperature  by  means  of  the  McLeod  gauge. 

Very  high  purity  electrolytic  chromium  was  supplied  by 
Johnson  Matthey  Co.  Ltd.  Bef^.'e  mounting  it  in  the  vacuum  system 
it  was  prepared  as  follows* 
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i)  "Silver  boat"  purification.  This  is  a  hydrogen  fumacing 
technique  in  a  high  frequency  induction  field  which  re¬ 
duces  non-metallic  impurities.  At  this  stage  analysis 
showed  the  following  impurities? 

Metallic  impurities  <  22  ppm,  oxygen  6  ppm,  nitrogen  2  ppm, 
hydrogen  1  ppm. 

id)  The  chromium  was  then  outgassed  and  partially  evaporated 
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under  a  vacuum  of  approximately  10~  torr  in  an  ancillary 
vacuum  system.  It  was  then  transferred  to  the  reaction 
cell. 

iii)  Outgassing  of  the  chromium  sample  and  the  vacuum  system 

was  then  alternately  carried  out  until  the  chromium  could 
be  maintained  at  a  temperature  dose  to  the  sublimation 
point  in  a  vacuum  of  better  than  5  x  10*"^  torr. 

The  resistor  film  was  then  evaporated  onto  the  bulb,  no 
attempt  was  made  to  control  the  deposition  rate,  which  was  in  the 
range  5  to  15  8  per  minute.  The  best  evaporation  conditions  attained 
were  i 

Base  line  vacuum  1-2  x  10**^  torr 

Initial  pressure  on  heating  4  x  10*"^  torr 
chromium  ready  for  evapora¬ 
tion 

Pressure  throughout  deposi-  1-2  x  10”^  torr 
tion 

On  occasions  the  base  line  vacuum  was  higher  (  5  x  lO"^0  torr),  and 
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the  maximum  initial  pressure  on  heating  the  chromium  was  5  x  10 
torr.  No  influence  of  these  parameters  on  the  surface  properties 


was  observed.  This  is  not  surprising,  since  the  true  film  area  was 
of  the  order  of  several  hundred  square  centime tree ,  and  therefore  the 
amount  of  gas  required  to  contaminate  it  is  high  (several  litre 
■iorons) . 

3.2  Results  and  Disoussion 

3.21  Surface  area  measurements 

Two  methods  were  employed  for  the  measurement  of  film  sur¬ 
face  areas, 

3.21  (a)  Xenon  S.P.  data 

The  xenon  S.P.  versus  coverage  relationship  allows  the 
amount  of  xenon  adsorbed  equivalent  to  one  monolayer  on  the  olean  metal 
surface  to  be  determined  fairly  accurately  and  represents  one  method 
of  film  area  measurement  (Pritchard10).  A  typical  xenon  S.P.  plot 
is  shown  in  figure  6.  The  detailed  shape  of  the  curves  up  to  satu¬ 
ration  will  be  dictated  by  the  complexities  of  the  film  structure  and 
the  energetics  of  the  adsorption  process,  which  will  not  be  disoussed 
further. 

As  an  oxide  layer  builds  up  on  the  surface  the  behaviour  of 
xenon  beoomes  complex.  The  saturation  is  no  longer  sharp,  a  shallow 
maximum  appears  in  the  S.P.  plot,  and  the  magnitude  of  the  positive 
S.P.  maximum  decreases.  This  is  illustrated  in  figure  7,  which  shows 
the  variation  of  S.P.  and  pressure  as  a  function  of  the  number  of  atoms 
adsorbed  for  the  adsorption  of  xenon  at  -196°C  onto  a  ohromium  surface 
oovered  with  a  12X  thick  oxide  layer.  In  these  oircumatances  it  is 
difficult  to  read  off  the  monolayer  volume,  and  so  the  B.E.T.  method 
was  applied  to  the  pressure  versus  amount  adsorbed  data. 
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The  B.E.T.  equation  (Brunauer,  Emmett  and  Teller^)  re¬ 
presente  an  attempt  to  extend  the  concept  of  an  ideal  localized 
(or  fixed)  monolayer  of  physically  adsorbed  gas  to  a  multimolecular 
adsorbed  film.  It  yields  a  two-constant  equation  from  which  surface 
areas  and  heats  of  adsorption  can  be  calculated.  It  has  been  very, 
widely  applied  to  the  measurement  of  surface  areas  of  a  wide  range 
of  materials  with  many  gases,  and  the  results  of  the  surface  area 
measurements  have  been  very  consistent  despite  doubts  about  itv. 
theoretical  validity.  It  is  used  as  an  analytical  method  for 
locating  the  "point  B"  on  a  PV  isotherm  where  the  affinity  of  the 
surface  is  changing  most  rapidly.  This  is  the  point  at  which  a 
monolayer  of  adsorbed  gas  is  formed  (see  Young  and  Crowellx  ), 

The  B.E.T.  equation  is 


1  +  (o  -  1) 


(45 


where  p  -  pressure  of  gas  above  the  film 
v  -  amount  of  gas  adsorbed 

vffi  «  amount  of  gas  adsorbed  to  form  one  monolayer 
c  -  a  constant,  which  is  related  to  the  heat  of  adsorption 
in  the  original  theory 

pQ  «  the  saturated  vapour  pressure  of  the  gas  (xenon  in 
our  case)  at  the  adsorption  temperature. 

For  xenon  adsorption  on  metal  films  "c"  is  high  (several  thousand), 
and  so  a  plot  of 


versus 
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should  yield  a  straight  line  of  slope  —  ,  enabling  the  amount  of 

m 

one  monolayer  to  be  obtained.  The  equation  must  be  applied  in  the 
region  of  the  "point  B".  and  there  is  justification  for  treating 
pQ  as  an  arbitrary  constant  (Haynes^'). 

The  agreem.  nt  between  the  two  methods  is  reasonable  in 
the  region  where  both  o pu  oe  anulied.  It  can  be  seen  from  figure  7 
that  the  B.E.T.  mono’ayei  .ciume  it  located  where  the  S.P.  commences 
to  level  off  after  tne  uidjuiuum  on  che  S.P.  plot. 

If  the  monolayer  mount  of  xenon  (v^)  is  known,  the  mean 
surface  area  per  xenon  atom  on  the  surface  has  to  be  used  to  con¬ 
vert  this  to  the  film  area-  To  calculate  the  number  of  surface 
metal  atoms  it  is  el  so  necessary  to  make  some  assumptions  concern¬ 
ing  the  distribution  of  crystal  planes  in  the  surface  of  the  films. 
The  usually  acoepted  value  for  the  mean  area  per  xenon  atom  is  24  X2 
(Cannon^)  and  is  based  on  the  assumption  that  the,  mode  of  paoking  of 
xenon  monolayers  is  largely  independent  of  the  adsorbent.  There  is 
now  evidence  thai  one  packing  of  xenon  monolayers  is  structure  sen¬ 
sitive  (Brennan,  Graham  and  Hayes^,  Ehrlich  and  Hudda1^).  If  the 
coverage  of  oxygen  on  the  metal  surface  is  defined  as 


then 


_ no,  of  oxygen  atoms  on  surface _ 

no.  of  metal  atoms  in  the  surface  of  the  film 

o  amount  of  oxygen  adsorbed  on  the  surface 
^  x  amount  of  xenon  adsorbed  to  give  one  monolayer 


where  Q  ■  a  constant,  depending  on  the  assumptions  made  concerning 
the  nature  of  the  xenon  monolayer,  as  shown  in  table  1. 

For  a  diatomic  gas  Q  also  depends  on  whether  the  gas  is  disassocia- 
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tively  adsorbed.  The  table  given  below  gives  the  variation  of  Q 
values  for  a  mean  area  per  xenon  atom  of  24  (total  surface  area 
method) ,  and  assuming  xenon  paolcs  into  crystallographic  sites  on 
the  surface.  Values  are  given  for  each  of  the  principle  crystal 
planes. 

TABLE  I 


100 

Plane 

110 

Plane 

111 

Plane 

Mean 

Assuming  24$2  for  mean 
area  per  Xe  atom 

.69 

.49 

1.18 

.69 

Assuming  Xe  atoms 
'paok'  into  the  metal 

.5 

.5 

1.5 

.695 

surfaoe  lattice 

VALUES  OP  THE  FACTOR  Q  FOR  DETERMINING  THE  COVERAGES  OF  DIATOMIC 
GASES  ADSORBED  ON  CHROMIUM  SURFACES  BY  XENON  ADSORPTION. 

The  absence  of  evidence  of  preferred  orientation  in  the 
electron  diffraction  pattern  suggests  it  is  reasonable  to  assume 
the  three  principle  crystal  planes  are  equally  prominent,  so  the 
mean  Q  is  used. 

It  can  be  seen  that  the  average  is  approximately  the  same 
in  both  cases  of  table  I  and  this  value  is  used  in  subsequent  cal¬ 
culations.  Hence  it  is  assumed  that  the  number  of  chromium  atoms 
in  the  surface  can  be  calculated  on  the  basis  of  equal  areas  of  the 
three  principle  crystal  planes,  and  that  xenon  atoms  pack  in  an 
orderly  array,  or  occupy  24  £2each. 

When  calculating  oxide  thioknesses  from  the  total  amount 
of  oxygen  taken  up  and  the  amount  of  xenon  adsorbed  to  give  a  monolayer 


X 


1.4  x 


(X) 


(5) 


H 


xe 

is  used  where  X  -  oxide  thickness 

N  »  no.  of  oxygen  molecules  adsorbed 
°2 

Nxe  «  no.  of  adeorbed  xenon  atoms  required  to  form 

a  monolayer  at  the  same  stage  of  the  interaction. 
This  relationship  assumes  that  the  oxide  is  the  most  stable  oxide  of 
chromium,  with  the  bulk  density  of  5  grm/cc. 

3.22  The  properties  of  clean  films 

The  resistor  films  described  here  were  evaporated  onto  the 
borosilicate  glass  "bulb"  substrate  at  25°C,  and  annealed  at  80°C  for 
30  to  60  minutes.  An  electron  diffraction  pattern  and  electron  micro¬ 
graph  of  a  typical  film  gore  shown  in  plateo  (l)  and  (2).  The  films 
are  polycrystalline  with  little  or  no  preferred  orientation.  The 
mean  thickness  of  the  films  studied  ranged  from  200  X  to  $00  X. 

Mean  thicknesses  were  measured  by  chemical  mass  determination. 

Table  II  shows  resistance  and  thickness  data  for  three 


f ilms 1 


TABLE  II.  DATA  ON  CLEAN  FILMS 


Resis¬ 

tor 


1 

2 


Weight 

(m) 

Thick¬ 

ness 

Vm  Xe 
(atoms 

1016) 

Rougnness 

factor 

1.65 

215 

15.5 

4.2 

1.20 

157 

12.5 

3.3 

3.32 

525 

33 

8.8 

R(25°C) 

TCR(25° 

TCR(down 

Q 

and  above] 

A 

1  to  -196°C) 

A 

27.888 

+1.4.10"5 

+5,65.10”4 

53.2 

+2.1. 10'5 

+2.10"4 

8.827 

+2.0.10'5 

+4.5.10"4 

4 
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For  reasons  already  given  in.  seotion  3.12(b)  resistance  values  can* 
not  accurately  be  oonvcrted  to  resistivity  values,  but  the  resis¬ 
tivity  is  considerably  larger  than  bulk  chromium  if  it  is  calcu¬ 
lated  on  the  basis  of  a  'slab1  film,  whose  thickness  is  the  Bean 
thickness.  The  TCR  value  at  room  temperature  is  co sparable  to  the 
bulk  value  (+3.0  x  10“5/°C) ,  but  decreases  sharply  with  decreasing 
temperature .  The  quoted  TCR  values  are  average  values  since  the 
resistance  temperature  relationship  is  not  linear.  A  typical 
re si stance -temperature  plot  is  shown  in  figure  9*  The  data  for 
the  ideal  resistivity  of  chromium  (as  deducted  from  Kattfeiessen's 
rule)  given  by  White  and  Woods'^  indicates  a  TCR  fairly  close  to 
the  bulk  value  in  the  temperature  range  23°C  to  -196°C.  Three 
factors  can  explain  our  low  TCR  at  low  temperature 3 1 

i)  defect  scattering  in  the  films 

ii)  impurity  scattering 

iii)  size  effects 

(ii)  is  rejected  in  view  of  the  materials  purity  and  the  cleanliness 
of  film  preparation,  leaving  (i)  and  (iii)  as  possibilities. 

The  measured  surface  areas  indicate  the  films  to  be 
highly  defective.  They  have  a  large  internal  surface  mid  mast 
consist  of  an  open  agglomeration  of  crystallites,  since  the  true 
area  per  unit  geometric  area  ia  almost  linearly  related  to  the 
film  mass  per  unit  area.  This  also  impliss  a  uniformity  of 
structure  with  film  thickness *  Figure  8  shows  the  relationships 
between  resistance  (after  annealing),  film  area  and  film  mass 
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(the  geometric  area  of  the  bulb  substrates  was  approximately  constant). 
The  square  resistance  is  not  linearly  related  to  the  film  mass  per 
unit  area,  the  dependence  decreases  at  higher  film  thicknesses. 

We  have  as  yet  insufficient  data  to  draw  firm  conclusions, 
but  in  view  of  the  open  structure  of  the  films  the  possibility  of 
size  effects,  even  at  average  film  thicknesses  larger  than  the 
eleotron  mean  free  paths  at  temperatures  in  the  range  20PC  to 
-196°C,i8  strong,  since  the  dimensions  of  crystallites  might  be 
such  that  electron  scattering  at  their  boundaries  exercises  con¬ 
siderable  control  over  the  film  resistance  which  is  estimated  to  be 

between  63  X  to  220  X  at  20°C  depending  on  the  number  of  conduction 

18 

electrons  assumed  per  atom  of  pure  ohromium  (Gould  ) 

3.23  Effect  of  physical  adsorption  on  film  resistance 

Physical  adsorption  of  xenon  caused  little,  if  any, 

change  in  film  resistance.  This  is  expected!  physical  adsorption 

involvee  no  eleotron  exohange  and  the  binding  energy  is  low. 

19 

Suhrmann  observed  increases  in  the  resistance  of  nickel  films 
during  xenon  adsorption  and  attributed  this  to  the  penetration  of 
the  films  by  xenon,  but,  possibly  due  to  our  films  being  thicker 
and  the  effect  smaller,  we  have  found  no  evidence  to  confirm.  We 
infer  from  this  that  physical  adsorption  in  general  is  liable  to 
have  little  or  no  effect  on  the  resistance  of  films  in  this  thick¬ 


4. 


ness  range 


25 


3«24  The  chemisorption  process 

The  addition  of  oxygen  to  the  surface  of  clean  metals  re¬ 
sults  in  an  initially  large  negative  S.P.  change  (an  increase  in 
work  function),  followed  by  a  slower  decay.  The  negative  S.P. 
change  arises  from  the  adsorbed  oxygen  atom  having  a  vacant  energy 
level  below  the  Fermi  surface  of  the  metal,  so  electrons  are  trans¬ 
ferred  from  the  metal  to  chemisorbed  oxygen  atoms  at  the  metal  sur¬ 
face.  This  results  in  a  surface  dipole  layer  with  the  negative 
charge  directed  from  the  metal,  hence  an  increase  in  work  function. 
The  chemisorption  is  dissociative,  i.e.,  the  oxygen  is  adsorbed 
atomically  (see  for  example  Roberts^  ). 

Figure 10(l)  shows  a  plot  of  S.P.  versus  amount  of  oxygen 
adsorbed  on  a  chromium  film  at  -196°C.  The  adsorption  was  dis¬ 
continued  when  the  S.P.  and  therefore  the  surface  was  saturated, 
and  the  pressure  began  to  rise  (i.e.  to  approximately  10-^  torr). 

The  final  value  attained  (-2.15V) is  in  good  agreement  with  the  only 

2X 

other  reoorded  value  (Quinn  and  Roberts  X  *hich  was  obtained 
using  a  vibrating  capacitor  technique.  The  ratio  of  the  number 
of  oxygen  atoms  adsorbed  to  the  number  of  metal  atoms  in  the  fila 
surface  at  this  stage  was  1.2,  indicating  that  at  this  tempera¬ 
ture  («196°c)  the  interaction  is  largely  confined  to  the  surface. 

The  high  negative  S.P.  indicates  considerable  ionicity  of  the  metal- 
chemisorbed  oxygen  bond  (the  comparable  value  for  nickel  is  approxi¬ 
mately  -i.5V).  If  the  surface  oxygen  atoms  were  totally  ionized  to 
0”,  then  the  surface  would  not  be  capable  of  adsorbing  one  mono- 
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layer,  since  the  ionic  radius  of  0~  is  1.76  £,  and  the  atomic  radius 
of  chromium  is  1.29  2.  It  is  not  possible  to  calculate  the  charge  on 
the  oxygen  atom  from  the  magnitude  of  the  S.P. ,  since  the  Helmholtz 
formula  gives 

S.P.  -  4xN9  dm  (6) 

where  N  »  no.  of  surface  sites  for  adsorption 
0  -  coverage 
dm  ••  dipole  moment 

This  allows  only  the  dipole  moment  to  be  calculated,  and  the  dis¬ 
tance  in  the  dipole  is  not  known  without  additional  evidence. 

However,  most  chemisorbed  species  are  held  by  largely  co-valent 
bonds  with  considerably  smaller  dipoles. 

5.25  The  incorporation  process 
3.25  (a)  Experimental  observation 

When  the  layer  at  -196°C  is  warmed  to  a  higher  temperature 
a  large  positive  change  in  S.P.  occurs  and  is  accompanied  by  a  re¬ 
generation  of  the  adsorptive  capacity  of  the  surface.  Figure  H 
shows  the  repeated  adsorption  at  -196°C  and  subsequent  wanning  up 
to  -78°C  and  then  +25°C  which  causes  the  regeneration  of  the  surfaoe 
and  the  decrease  in  dipole  moment.  The  plots  labelled  (2), (5) ,(6) 
and  (8)  on  figure  10  correspond  to  the  subsequent  additions  on 

figure  11 .  Similar  behaviour  has  been  observed  for  other  metals 
2X  22 

(Quinn  and  Roberts  ,  Delchar  and  Tompkins  ;  and  for  other  strongly 

2%, 

electronegative  gases  (Burshtein  and  Shurmovskaya  They  are 
usually  attributed  to  incorporation  of  oxygen  into  the  metal  lat¬ 
tice,  since  a  movement  of  oxygen  atoms  bearing  a  negative  charge 
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from  the  surface  into  the  lattice  might  result  in  a  positive  ohange 
in  S.P.  It  is  a]  so  possible  to  interpret  the  positive  cL.ir.ge  in  S.P. 
by  a  surface  migration  of  oxygen  atoms  from  the  outer  surface  of  the 
film,  which  exercises  the  dominant  control  over  the  measured  work 
function  change  compared  to  its  inner  surfaces. 

Both  mechanisms  could  result  in  a  positive  S.P,  change  and 
a  regeneration  of  the  adsorptive  capacity  of  the  surface.  The  latter 
is,  however,  rejected  on  the  following  grounds* 

(i)  Since  a  coverage  of  greater  than  unity  is  initially  attained 
at  -196°C,  it  would  require  a  large  internal  surface  of  the 
film  not  accessible  to  xenon  adsorption. 

(ii)  Although  the  adsorptive  power  of  the  surface  is  regenerated, 
the  regenerated  surface  does  not  respond  like  the  original 
dean  surface  in  respect  of  either  xenon  or  oxygen  ad¬ 
sorption. 

(lii)  The  large  heat  of  oxygen  adsorption  on  chromium  of  initially 

pj 

174  Kcal/mole  (Brennan,  Hayward  and  Trapnell  impliee  a 
strong  binding  energy  making  surface  migration  unlikely. 

(iv)  The  measurements  in  figure  11  suggest  that  the  regenerated 
surface  exceeds  the  total  initial  surface  which  can  only  be 
explained  by  incorporation. 

(v)  As  will  be  seen  later,  the  positive  S.P.  ohange  is  associated 
with  a  large  resistance  change,  which  might  be  difficult  to 
account  for  on  the  basis  of  surface  migration. 

Thus  the  positive  S.P.  drifts  are  associated  with  the 
movement  of  chemisorbed  oxygen  atoms  into  the  metal  lat¬ 
tice,  i.e.,  the  incorporation  process.  This  is  the  initial 
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stage  of  oxidation. 

The  points  recorded  in  figure  10  are  in  fact  the  final 
values  attained  for  each  dose  of  oxygen  uuded.  if  the  S.P.  versus 
time  traces  are  examined  for  each  dose  it  is  observed  that  incorpora¬ 
tion  of  oxygen  atoms  occurs  even  at  -196°C  and  sub-monolayer  cover¬ 
ages  of  oxygen.  Figure  12  shows  the  S.P.  versus  time  traces  for  the 
points  marked  A,  B  and  C  on  figure 10.  In  each  oass  the  pressure 
falls  to  zero  at  approximately  the  (negative)  maximum,  so  that  the 
positive  drift  is  not  accompanied  by  any  change  in  the  number  of 
oxygen  molecules  adsorbed,  but  is  solely  due  to  the  transfer  of 
chemisorbed  oxygen  atoms  to  the  lattice. 

Before  the  positive  S.P.  drifts  can  be  used  to  Btudy  the 
kinetics  of  the  incorporation  process  it  must  be  established  that 
the  number  of  oxygen  atoms  incorporated  is  proportional  to  the  S.P. 
drift.  It  is  clear  from  figures ID  and  11  that  the  negative  S.P.  is 
not  linearly  related  to  the  amount  adsorbed,  but  this  would  not  be 
expected,  since  the  shape  of  the  S.P.  versus  coverage  plot  will  be 
influenced  by  the  pronounced  structural  heterogeneity  of  the  films, 
and  the  fact  that  they  have  an  'internal'  surface.  Also  the  amounts 
of  gaa  taken  up  during  the  successive  adsorptions  of  figure  11  *  are 
arbitrary,  since  atomic  oxygon  is  present  and  incorporation  of 
oxygen  is  occurring  near  saturation.  It  seems  reasonable  to  iden¬ 
tify  the  amount  of  oxygen  adsorbed  at  -196°C  during  the  steeply 
rising  negative  parts  of  the  adsorption  curves  of  figure  11  with 
the  filling  of  vacant  surface  sites,  whereas  the  later  shallow  part 
is  largely  due  to  incorporation.  Thus  a  plot  of  adsorbed  amount 
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versus  the  positive  deoay  during  the  previous  warming  from  -196°C 

to  +25°C  should  give  the  relationship  between  S.P.  decay  and  the 

number  of  chemisorbed  oxygen  atoms.  This  is  shown  in  figure  14  to 

be  linear  and  the  slope  to  be  approximately  +1.5  volts  per  1  x  10^ 

22 

02  molecules.  Delohar  and  Tompkins  found  exactly  the  same  be¬ 
haviour  for  nickel  films,  where  the  situation  was  simpler  since  the 
extent  of  incorporation  of  oxygen  at  -196°C  is  very  much  smaller, 
and  they  used  a  static  oapacitsr  method  of  measurement  where  the 
complication  due  to  atomic  oxygen  did  not  arise.  For  nickel  the 
slope  was  +.66  volts  per  10*^  oxygen  molecules.  Thus  the  S.P. 

drift  can  be  used  to  follow  the  kinetics  of  incorporation. 

.  \ 

All  curves  like  those  in  figure  12  do  not  fit  simple 
first  order  kinetics,  but  for  each  increment  equivalent  to  a  small 
fraction  of  a  monolayer,  they  were  found  to  fit  an  equation  of  the 
form* 

n  i  -  A  log  (t  +  B)  +  C  (7) 

where  n  ^  -  the  number  of  atoms  of  the  increment  incorporated 
t  -  time 

A,  B  and  C  are  constants 
This  can  be  seen  from  figure  1J. 

Two  other  observations  are  relevanti- 
i)  At  very  low  coverage  there  is  little  positive  deoay  and 
the  initial  negative  going  S.P.  change  is  smaller,  giving 
rise  to  a  "foot"  on  the  S.P. /coverage  relationship  in 
figure  9(l).  This  cannot  be  explained  with  stray  ad- 
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adsorption.  It  was  also  observed  for  the  nickel-oxygen 

25 

system  and  was  tentatively  explained  by  Delchar  . 

These  non-uniformities  largely  arose  from  the  use  of 
a  cylindrical  adsorption  cell  and  the  evaporation  of  the 
film  from  a  small  source  situated  on  the  axis  of  the 
cylinder.  They  should  not  be  present  in  our  experimen¬ 
tal  arrangement,  where  the  film  is  thrown  from  a  ''point'1 
source  at  the  centre  of  a  spherical  bulb  substrate.  The 
overall  shape  of  S.P./ooverage  relationship  at  -196°C  is, 
apart  from  the  -"foot",  almost  certainly  dictated  by  the 
ratio  of  inner  to  outer  surfaces  of  the  film.  The  ini- 
t: -x  adsorption  is  occurring  on  the  outer  surfaces,  whioh 
exercises  most  control  over  the  work  function,  and  the 
subsequent  adsorption  on  the  inner  surfaces.  The  reason 
for  the  "foot"  however  is  not  understood,  since  an  ex¬ 
planation  based  on  surface  migration  from  the  outer  to 
the  inner  surfaces  would  seem  unreasonable, 
ii)  There  is  a  small  tendency  for  the  positive  decay  to  in¬ 
crease  with  coverage  up  to  a  coverage  of  close  to  unity. 

If  the  adsorption  is  continued  further  the  behaviour 
changes,  since  second  layer  adsorption  of  oxygen  occurs 
at  high  coverages  and  low  temperatures,  and  the  transfer 
of  second  layer  oxygen  to  the  ohemisorbed  layer  begins 
to  dominate  the  S.P.  plot.  This  is  discussed  in  %27(d). 
The  slope  of  the  surface  potential  versus  log  (time)-plots 
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such  as  figure  13,  does  not  vary  considerably  with  in¬ 
creasing  coverage  or  increasing  total  S.P.  The  major 
change  with  increasing  ooverage  is  a  fall  in  maximum 
negative  S.P.  attained  per  dose. 

TABLE  III 


Total  S.P. 

Coverage 

Slope  of  S.P. 
versus  log 
(time)  plot 

"Normalised1 

slope 

-0.880 

.25 

3.7  x  10~2  volts/ 
time  decade 

9.2  x  10"2 

-1.461 

.60 

3.62  x  10"2 

3.4  x  10"2 

-1.551 

.64 

3.9  x  10~2 

5.5  x  10"2 

-1.756 

.75 

3.5  x  10*2 

4.4  x  10“2 

-1.893 

.86 

2.7  x  10"2 

3.1  x  10"2 

SLOPE  OF  S. 

P.  VERSUS  LOG 

(TIME)  PLOTS  AS  A 

FUNCTION  OF 

COVERAGE  AND  TOTAL  S.P.  FOR  THE  ABSORPTION  OP  OXYGEN  ON 
CHROMIUM  AT  -196°C. 


The  apparent  activation  energy  of  the  incorporation  pro¬ 
cess  was  measured  at  about  unit  coverage  of  chemisorbed  oxygen. 

Ihe  initial  rates  were 

-160°C  .156  V/rnin 

-78°C  .685  V/ min 

These  figures  yield  an  apparent  activation  energy  of  approximately 
0.75  Kcal/mole. 
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3.25  (b)  Kinetics  and  mechanism  of  the  incorporation 

Equation  (?)  can  be  derived  on  the  assumption  that  the 
aotivation  energy  E  for  the  incorporation  increases  linearly  with 
amount  incorporated,  i.e.  for  each  increment  n^  let  the  activa¬ 
tion  energy 

E  “  Eo  +  ®  ni  (8) 

where  a  and  are  constants 
o 

eince  if  the  rate  is 

dni  v 

-£t“  “  oon8t  exp  (9) 

we  obtain  again 

n  ^  -  A  log  (t  +  B)  +  C 

Equation  (7)  is  a  form  of  the  Elovich  equation,  which  has  been  found 

applicable  to  many  surface  processes  requiring  activation,  and  can 

20 

be  derived  in  a  variety  of  ways  (Roberts  ). 

We  have  recently  offered  the  following  mechanistic  ex- 

26 

planation  in  this  case  (Crosoland  and  Roettgers*  )*  Oxygen  strikes 
the  surface  at  random  from  the  gas  phase  and  is  chemisorbed  with  a 
high  sticking  probability.  The  surface  of  the  film  is  heterogeneous, 
and  there  exist  adsorption  Bites  with  a  range  of  aotivation  energies 
for  the  incorporation  process,  so  that  at  a  given  low  temperature 
incorporation  is  only  possible  on  a  particular  percentage  of  the 
total  number  of  sites  occupied.  For  a  particular  increment  of 
gas  the  activation  energy  will  rise  with  the  number  of  atoms  in¬ 
corporated.  Further  increments  may  change  the  distribution  of  sites 
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since  oxygen  ohemiaorbed  onto  sites  with  insufficient  activation 
energy  for  incorporation  will  block  then,  whereas  sites  with  suf¬ 
ficient  energy  may  be  oapable  of  further  incorporation  processes. 

This  would  give  rise  to  increase  of  incorporation  with  coverage, 
would  depend  on  the  probability  of  incorporation  at  sites  on  which 
incorporation  had  already  occurred,  and  would  probably  cause  a  de¬ 
crease  in  the  maximum  negative  S.P. ,  since  in  the  later  stages  some 
of  it  is  due  to  chemisorption  onto  sites  above  incorporated  oxygen 
atoms.  Ve  rejected  a  model  based  on  the  field  existing  between  the 
adsorbed  layer  and  the  metal  surface  as  an  explanation  of  the  be¬ 
haviour  especially  at  low  coverages,  since  a  uniform  field  does 
not  exist  within  a  partial  monolayer  and  we  had  observed  extensive 
incorporation  at  low  coverages  of  chemisorbed  oxygen  (e.g.  see 
Table  III). 

22 

However,  Delchar  and  Tompkins  have  interpreted  their 
data  for  nickel,  which  is  very  similar  to  our  own  for  chromium  by 
means  of  the  surface  potential  field  model.  They  assmse  -that  eaoh  cwygen 
atom  has  a  potential  energy  of  ^q?  resulting  from  its  position  in  the 
eleotrical  double  layer.  The  potential  difference  V  is  encountered 
by  the  atom  on  moving  aorosa  the  oxygen-metal  dipole  layer,  and  q 
is  the  charge  on  eaoh  oxygen  atom.  The  potential  difference  V  is 
then  identified  with  the  measured  S.P. ,  especially  at  high  ooverage 
which  gives  the  linear  increase  of  aotivation  energy  with  coverage 
required  to  explain  the  S.P.  versus  log  (time)  plots,  with  the  rate 
equation  being 
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const.  exp  - 


AEp  -  i  qV 
icT 


(10) 


where  AEp  -  the  most  probable  barrier  height 
and  n  -  the  no.  of  oxygen  atoms  incorporated. 

This  rate  equation  can  be  written  as 

~  -  -p  exp  a  V  (11) 


which  on  integration  under  the  oonaition  that  Tq  is  the  S.P.  at 
t  -  C/  gives 


7  -  -  o 


’X  log  £ 


t  + 


exp(-  a  V  )■»  -1 


«P 


-  a  log  a  P  (12) 

m 


A  plot  of  log  (t  +  constant)  versus  V  should  give  a  straight  line 
of  slope 


where  o  -  ^  (13) 
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This  relationship  was  used  by  Delchar  and  Tompkins  to  determine  q, 
the  charge  on  an  oxygen  atom  chemisorbed  at  a  nickel  surface.  A 
value  of  O.^e  was  obtained  where  e  is  the  electronic  charge.  This 
value  is  very  reasonable,  since  it  implies  a  metal-oxygen  bond  dis¬ 
tance  of  approximately  .35  2,  which  would  be  the  case  if  the  chemi¬ 
sorbed  oxygen  atoms  were  located  in  the  potential  wells  between  sur¬ 
face  meted  atoms,  rather  than  mounted  direotly  above  them. 

We  can  apply  the  same  formalism  to  our  data  if  we  assume 
•>  i)  a  uniform  ohemisorbed  layer,  and 
ii)  the  potential  energy  of  the  dipoles  to  be  oorreotly  des¬ 
cribed  by  jt  qV  over  the  range  of  our  data. 
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The  slope  of  the  S.P,  versus  log  (time)  plots  for  ohromium 
gives  a  value  of  *4  e  which  is  in  good  agreement  aith  the  value  for 
nickel,  since  its  ratio  to  the  Ni  value  corresponds  to  the  ratio  of 
the  measured  saturation  S.P.  values  of  chemisorbed  oxygen  on  the  two 
Metals,  lhis  is  required  by  the  Helmholtz  f  omul  a  (equation  (6)) 
if  the  adsorption  proceases  and  the  metal  lattice  constants  are 
similar.  Since  the  apparent  activation  energy  is  .75  Kcal/aoie  at 
approximately  unit  coverage,  Ep,  the  barrier  height,  can  be  calcu¬ 
lated  since  at  unit  coverage  according  to  eqn.(lO) 

.75  -  Sp  -  *  q* 

giving  Ep  »  10.8  Kcal/mole  compared  with  7.5  Kcal/mole  for  nickel. 

On  the  basis  of  the  above  assuaptions  the  slope  of  the  S.P.  versus 
log  (time)  plots  will  not  depend  on  V  ,  the  initial  S.P. ,  and  hence 
on  coverage,. 

Both  assumptions  are  however  open  to  criticism: 
i)  The  distribution  of  oxygen  a tons  over  the  total  area  of 
the  resistor  filn  will  depend  on  the  reaction  cell  and 
inlet  geometry,  and  the  measured  S.P.  will  be  an  average 
over  the  whole  surface.  The  two  extreme  cases  are  a  per¬ 
fectly  distributed  uniform  array  as  above  and  the  oaee 
where  admission  of  oxygen  to  the  bulb  results  in  satu¬ 
rated  chemisorption  ca  a  limited  film  area  while  only 
little  adsorption  occurs  on  the  rest  of  the  surf act. 

For  the  latter  case  the  sseasured  S-P.  gives  only  the 
average  surface  charge  density.  The  data  can  in  this 
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oaae  be  corrected  by  multiplying  all  the  S.  P.  data  for  a 

given  dose  by  a  soaling  factor  to  make  VQ  equal  to  the 

saturation  S.P.  which  for  chromium  is  -2.2  V.  This  will 

change  the  slope  of  the  S.P.  versus  log  (time)  plots  by 

the  same  i'aotor,  and  the  last  column  of  Table  III  shows 

the  values  obtaiued  by  this  "normalisation".  Delchar 
22 

and  Tompkins  obtained  for  nickel  reasonable  agreement 
between  the  interaction  with  large  oxygen  aoees  at 
temperatures  higher  than  -196°C,  and  values  obtained  by 
forming  a  monolayer  of  ohemisorbed  oxygen  at  ~19o°C 
(where  little  or  no  incorporation  ocours)  and  then 
warming  the  monolayer  to  a  higher  temperature.  It  can 
be  seen  that  in  our  oaae  no  approximately  constant  value 
is  obtained.  It  is  diffiov.lt  to  determine  the  distri’.a- 
tion  of  incident  oxygen  molecules  over  the  film  surface. 
An  inlet  consisting  of  a  umall  hole  at  the  bulb  surface 
would  result  in  a  cosine  distribution  at  the  pressures 
used  in  these  experiments  which  should  give  tv  very  uni¬ 
form  distribution.  Our  inlet  tube  has  the  form  of  an 
annular  ring  (see  figure  2),  whose  length  is  oomparable 
to  the  ring  eise.  The  resulting  distribution  however 

should  be  more  uniform  than  in  the  cylindrical  cell  used 

27\ 

on  niokel  (Delohar,  Eberhagen  and  Tompkins  )  and  it  ap¬ 
pears  unlikely  that,  e.g.  at  0.25  coverage  and  an  S.P.  of 
-0.880  V  praotloally  all  the  gas  admitted  should  be  ad¬ 
sorbed  over  one  small  area  of  film  giving  an  S.P.  of 
-2.2  V  in  this  limited  region. 


57 


ii)  For  a  uniform  distribution  of  dipoles  at  the  surfaos  it  is 
not  reasonable  to  expect  the  potential  energy  of  the  di¬ 
poles  to  be  oorreotly  described  by  qV  over  a  wide  range 
of  coverage.  The  formula  for  the  interaction  energy  of  a 
closely  spaoed  array  of  dipoles  consisting  of  point  charges 
is 

AQ  -  qV  (14) 

and  this  energy  is  clearly  comparable  to  the  measured  ac¬ 
tivation  for  'he  incorporation  process.  If  the  dipole 
layer  is  not  ideal,  the  deviations  from  this  relation¬ 
ship  may  be  expressed  by 

AQ  -  -h  qfV  (15) 

where  f  is  a  structural  factor  representing  the  fraction 

ng 

of  V  effectively  acting  on  the  dipoles.  Mignolet  has 
calculated  the  variation  of  AQ  with  the  distance  d  be¬ 
tween  the  centre  of  gravity  of  the  charges  and  the  area 
2 

a  oooupied  by  a  dipole  on  the  surface.  This  gives 

f  -  - - - r-  -  1  (16) 

1  +  tg(£  aro  tg  ) 

.  A 

where  p  -  — 
v  a 

The  factor  f  therefore  varies  considers  *>ith  the  dis- 
tr 'but ion  of  chargee,  and  f  »  1  is  only  obtained  for 
large  values  of  p,  i.e.,  for  long  and  closely  spaced 
dipoles,  with  the  charges  spread  continuously  on  the 
two  planes.  For  small  values  of  p  it  reduces  to 
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r  -  |f  (17) 

An  approximate  calculation  of  the  value  of  f  can  be 

made  on  the  following  assumptions i 

(a)  The  chemisorbed  oxygon  is  not  ionio&lly  bonded, 

but  held  by  co-valent  bonds  with  an  ionicity 

sufficient  to  give  the  measured  S.P. 

(p)  The  chemisorbed  oxygen  atoms  are  situated  at  lattioe 

sites  between  the  metal  atoms  in  the  surface.  This 

position  of  minimum  potential  energy  is  more  likely 

than  oxygen  atoms  situated  directly  over  surfaoe 

metal  atoms.  The  perpendioular  distance  between  the 

two  layers  of  oharge  would  then  be  in  the  region  of 

d  »  0.5  X.  Assumptions  (a)  and(p) are  in  agreement 

22 

with  the  values  deduced  by  Delchar  and  Tompkins  . 

p 

(y)  a  will  be  different  for  the  different  principle 

crystal  planes.  For  (110)  as  the  most  olosely  psoked 
plane  of  chromium  a2  -  5*87  X2,  hence  a  -  2.42  X. 
Substituting  these  values  in  equation  (16)  and  assuming 
the  ooverage  to  be  unity  gives  f  -  0.115  which  falls  to 
0.07  for  a  ooverage  of  ,  and  if  2.5  X  is  assumed  for  d, 
an  f -value  of  .56  is  obtained  for  unit  coverage.  Gross 
defects  i’i  the  dipole  structure  due  to  the  non-uniformity 
of  the  metal  surface  will  lead  to  a  further  lowering  of  f. 

Whilst  we  are  aware  that  the  application  of  simple  dipole 
calculations  represents  a  considerable  over-simplification,  es- 
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peoi&lly  when  applied  to  data  on  polyoryetalline  materials,  these 
figures  do  suggest  that  the  potential  difference  V  that  an  atom 
enoountere  on  moving  across  the  oxygen-metal  double  layer  may  be 
considerably  smaller  than  ^  qV,  especially  when  the  distanoe  be¬ 
tween  the  charges  is  low. 

Since  the  slope  of  the  S.P.  versus  log  (time)  plots  is 
approximately  constant  with  coverage,  it  might  be  argued  that  in 
faot  the  looal  S.P.  in  regions  where  incorporation  is  talcing  place 
is  higher  than  the  measured  average  (due  to  a  lack  of  a  uniform 
distribution  of  surface  oxygen  atoms),  but  that  the  potential 
difference  that  an  oxygen  atom  encounters  on  moving  across  the 
oxygen/metal  double  layer  is  only  a  fraction  of  this  because  f  <  1. 
If  these  two  effects  were  to  largely  cancel  each  other,  this  would 
justify  the  approximately  constant  slope,  and  the  reasonable  values 
observed  for'q.  This  does  not  however  aocount  for  the  fact  that 
equation  ( l6)  predicts  values  very  much  less  than  £  qV  for  the 
potential  energy,  and  does  not  explain  why  equation  (io)  ie 
applicable  to  the  data  on  nickel  over  quite  wide  ranges  of  cover¬ 
age,  when  f  is  itself  sensitive  to  ooverage  changes.  Such  an 
interpretation  would  also  require  the  build-up  of  high  local  con¬ 
centrations  of  chemisorbed  oxygen  atoms  over  limited  regions  of  our 
films  at  coverages  as  low  as 

If  an  effect  due  to  surface  heterogeneity  were  present 
a  rate  equation  of  the  same  form  as  equation  (10)  would  arise,  but 
AEj,  would  be  a  function  of  coverage  and  £  qV  may  be  replaced  by 
qfV  where  f  <  1  and  is  sensitive  to  coverage  changes. 
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where  E  is  constant 
o 

and  a  is  a  oonetant  depandent  on  the  distribution  of  eiu/faoe 
sites* 

Thus  depending  on  the  relative  magnitudes  of  a  and  £  qf ,  linear  V 
versus  log  (time)  plots  night  be  obtained  over  snail  or  larger 
coverage  ranges ,  and  the  reasonable  values  obtained  for  q  and  the 
netal- oxygen  bond  distance  assuming  equation  10  to  hold  nay  be 
fortuitous.  Measurements  on  single  orystal  film  surfaces,  whose 
structure  is  uniform  and  defined,  and  on  whioh  a  completely  uniform 
distribution  of  oxygen  atoms  oan  be  obtained  will  help  in  establish¬ 
ing  the  dominant  mechanism. 

The  preceding  discussion  has  been  concerned  with  the 
energy  barrier  of  the  incorporation  process,  and  the  way  in  whioh 
it  may  be  lowered  by  the  dipole  interaction  energy.  No  mention  has 

bean  made  of  the  mechanism  of  the  incorporation  process.  Lanyon  and 
29 

Trapnell  have  suggested  two  types  of  mechanism  for  the  incorpora¬ 
tion  process. 

In  the  first  type  oxygen  noleoules  assist  interchange  of 

oxygen  and  metal  atoms  by  means  of  a  liberation  of  the  heat  of 

chemisorption.  This  type  of  aeohanism  cannot  be  operative  on 

chronium  since  we  have  found  that  incorporation  proceeds  without 

any  oxygen  in  the  gas  phase. 

The  aeoond  type  of  meohanism  proposed  by  Lanyon  and 
29 

Trapnoll  involves  defeot  sites  in  the  metal  surface.  Two  oases 
are  distinguished  here,  one  results  in  the  removal  of  the  defeot 
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sites  and  one  does  not.  Since  the  incorporation  appears  not  to  be 

liaited  to  defect  sites  the  second  case  is  considered  most  likely. 

22 

A  third  possibility  has  been  advanced  by  Delohar  and  Tompkins  . 
Despite  the  very  low  activation  energies  measured,  the  rate  of  in¬ 
corporation  is  extremely  slow.  This  is  true  for  nickel  and  for  our 

data  on  chromium.  Assuming  first  order  kinetics  and  using  the 

22 

measured  activation  energy  Delchar  and  Tompkins  estimated  that 

12 

the  rate  on  nickel  is  a  factor  of  approximately  10  times  too  low. 
They  propose  a  model  in  whioh  oxygen  atoms  at  the  metal  surfaoe  move 
between  the  surfaoe  metal  atoms  in  a  similar  way  to  that  occurring 
during  interstitial  diffusion  of  oxygen.  This  occurs  only  when 
those  metal  atoms  surrounding  a  given  ohemisorbed  oxygen  atom  are 
all  moving  away  from  the  oxygen  atom  as  a  result  of  their  thermal 
vibrations.  The  probability  of  this  occurring  is  small,  end  it 
gives  a  low  probability  factor  to  the  rate  equation,  thus  explain¬ 
ing  the  low  rate.  A  calculation  of  the  probability  factor  of  a 
simple  cubic  crystal  of  nickel  using  a  value  for  the  size  of  the 
oxygen  atom  based  on  a  charge  of  ,Je  gives  a  probability  faotor  of 
the  right  order  to  explain  the  experimental  rates.  A  mechanism  of 
this  type  could  equally  well  apply  to  our  data.  It  is  interesting 
to  note  that  the  mechanism  leads  to  a  variation  of  aotiyation  energy 
with  the  orystallographio  nature  of  the  adsorption  eiteo. 

Thus  it  has  been  demonstrated  that  the  processes  of 
chemisorption  and  incorporation  of  oxygen  oan  be  separated  on 
chromium  films  by  surfaoe  potential  measurements  at  low  tempera¬ 
tures.  The  kinetics  of  incorporation  have  been  studied  down  to  low 
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coverages  of  ohemisorbed  oxygen,  and  a  rate  equation  of  the  fora 

of  equation  ( S )  is  operative  with  initially  a  low  activation  energy 

22 

and  a  low  probability  factor  as  observed  by  flelohar  and  Tompkins 
on  niokel  films.  The  rate  may  be  controlled  by  the  surface  field 
and/or  surface  heterogeneity,  and  the  important  parameters  are  the 
surfaoe  potential  of  chemisorbed  oxygen  and  the  crystallographic 
nature  of  the  surface  (e.g.  the  crystal  planes  presented,  defects, 
eto.)  Observations  on  single  crystal  surfaces  are  expected  to 
clarify  this  situation. 


Structural  ohanges  during  oxidation 


TABLE  IV.  TRUE  FILM  AREA  DURING  OXIDATION 


2 

True  area,  cm 

Pilm_l 

780 

540 

320 

Pilm_2 

410 

310 

192 


Amount  of  oxygen  taken  up 
(molecules  x  10~1°) 

0 

154 

165 

0 

43 

110 


Table  IV  shows  a  variations  in  the  true  area  of  two  films  as  a 

function  of  the  amount  of  oxygen  taken  up.  In  both  oases  the 

2 

geometric  area  of  the  film  is  approximately  100  om  .  As  already 
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noted  the  clean  films  consist  of  an  open  agglomeration  of  crystal¬ 
lites.  This  structure  must  undergo  drastic  changes  during  oxidation, 
and  the  area  changes  shown  above  must  be  due  to  a  doubling  of  the 
crystallite  size.  Such  changes  have  been  observed  by  other  work¬ 
ers  (Roberts^,  and  Brennan,  Hayward  and  Trapnell^)  and  attributed 
to  the  heat  liberated  during  oxidation.  If  oxygen  is  chemisorbed  at 
-196°C  and  the  chemisorbed  layer  warmed  to  a  higher  temperature  bo 
that  incorporation  oocurs,  no  large  ohange  in  the  true  film  area 
occurs.  This  implies  that  the  heat  of  chemisorption  can  be  dissi¬ 
pated  at  -196°C,  and  that  the  above  area  changes  are  largely  due  to 
the  heat  of  ohemisorption  of  oxygen  and  not  to  the  incorporation 
process. 

It  has  already  been  noted  that  such  changes  must  be  taken 
into  account  when  deriving  an  approximate  value  for  the  oxide  thick¬ 
ness-.  They  *ill  also  affect  the  resistance  changes  accompanying  the 
oxidation. 


3.27  The  growth  of  thin  oxide  layers 
5.27  (a)  Distinction  between  the  oxidation  stages 

If  after  adsorption  at  -196°C  the  film  is  warmed  to  a 
higher  temperature  the  activation  energy  for  further  incorporation 
becomes  avai  jle,  sites  become  unblocked,  and  further  adsorption 
can  occur.  This  process  can  be  carried  out  continuously  as  illus¬ 
trated  ir  figure  11  until  a  definite  oxide  layer  exists.  If  the 
adsorption  is  carried  out  at  a  higher  temperature  without  tempera¬ 
ture  cycling  (e.g.  figure  16),  then  the  entire  interaction  is  ccn- 
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veniently  divided  into  3  stages i 

i)  A  build  up  of  negative  S.P.  The  maximum  negative  S.P. 
will  occur  at  amounts  adsorbed  equivalent  to  coverages 
higher  than  unity  at  temperatures  above  -196°C,  since 
extensive  incorporation  takes  place  simultaneously. 

This  is  illustrated  in  figure  15  at  -78°C. 
ii)  A  fast  process  by  which  a  thin  oxide  film  grows  on  the 
metal  surface. 

ill)  A  slow  process  once  a  certain  oxide  thickness  is  reached. 
At  some  time  during  stages  (i)  and  (ii)  the  growth  mechanism 
changes  from  a  place  erxhange  or  incorporation  mechanism  to  a 
diffusion  process  controlled  by  the  diffusion  rate  of  species 
through  the  oxide  film.  Nucleation  of  an  oxide  phase  must  oocur 
between  stages  (i)  and  (ii).  During  the  growth  of  the  thin  oxide 
film  various  factors  may  be  rate  determining,  and  various  rate 
equations  have  been  derived  in  the  literature.  Some  properties 
of  the  system  oxygen  plus  polycrystalline  chromium  films  may 
however  complicate  the  application  of  theoretical  rate  lawsi 
(a)  It  is  observed  that  the  structure  of  the  film  changes 
during  oxidation. 

(p)  The  polycrystalline  nature  of  the  films  will  always 

give  deviations  from  theory,  since  in  general  it  assumes 
a  homogeneous  surface  and  oxide,  and  polycrystalline  films 
are  heterogeneous  in  nature. 
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We  have  attempted  to  avoid  eti  error  due  to  changes  of 
film  structure  by  computing  the  oxide  thioknese  on  the 
basis  of  the  film  area  as  measured  at  the  point  in 
question.  While  this  reduces  the  effect  of  film  struc¬ 
ture  changes  it  does  not  necessarily  remove  them,  sinoe 
a  reduction  in  film  area  due  to  oxidation  induced  sin¬ 
tering  is  always  related  to  changes  in  the  nature  of  the 
metal-oxide  interface  (e.g.  shifts  in  the  predominance 
of  surface  planes,  changes  in  the  defa  t  structure  of 
the  films  and  any  re-arrangements  of  the  oxide  that  may 
be  neoessary  as  the  underlying  metal  sintert). 

(y)  To  test  a  given  kinetic  law  it  is  necessary  to  obtain 
data  over  a  large  range  of  oxide  thicknesses  which  is 
difficult  since  initial  rates  are  too  fast  to  be  meas¬ 
urable,  and  the  oxidation  at  the  temperatures  we  are 
con3ldering  slows  down  rapidly.  Two  further  difficulties 
should  be  mentioned.  The  first  is  an  uncertainty  with 
regard  to  zero  time  in  our  experiments  which  does  not 
necessarily  correspond  to  zero  oxide  thickness  as  our 
kinetic  measurements  start  when  the  rate  becomes  slow 
enough  to  be  measurable.  The  integrated  form  of  some 
of  t»i«  rate  equations  requires  a  fairly  arbitrary  choice 
of  to  where  the  integrated  rate  equation  has  the  form 

X  -  f(t  to) 
where  X  -  oxide  thickness 


and  t  -  time 
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The  choice  of  t  cam  influence  the  slope  and  linearity 
of  graphical  tests  of  the  rate  equation.  Secondly,  if 
a  fit  is  obtained  with  one  kinetic  law  it  is  not  it¬ 
self  of  conclusive  evidence  that  only  this  is  appli¬ 
cable.  It  is  often  the  case  that  aore  than  one  rate 
law  can  describe  a  given  set  of  data  over  a  limited 
range  of  oxide  thickness  (Roberts,^*). 

The  oxide  thicknesses  with  which  we  are  now  concerned 
are  in  the  region  of  a  few  Angstroms  to  several  tens  of  Angstroms. 
The  thickness  of  the  oxide  is  appreciably  less  than  the  charac¬ 
teristic  space  charge  depth  existing  in  thioker  oxide  films,  and 
it  is  therefore  generally  assumed  that  space  charge  effects  can 
be  Ignored.  Different  types  of  rate  equation  ere  obtained  de¬ 
pending  on  the  rate  determining  reaction,  e.g.  electron  tunneling, 
ionio  transfer  or  interface  reactions.  For  the  reasons  given 
above,  kinetic  data  done  is  not  sufficient  to  distinguish  between 
these  possibilities. 

3*27  (b)  Measurements  of  the  oxide  growth 

Figures  15  and  16  show  the  variation  of  S.P.  and  film 
reeistanoe  during  the  interaction  o.  oxygen  with  a  chromium  film 
at  -?8°C.  After  the  S.P,  has  saturated,  the  interaction  is  still 
fast,  and  an  appreciable  oxide  thickness  is  built  up  with  little 
change  in  S.P.  The  rate  then  suddenly  slows  down,  and  oxidation 
proceeds  at  a  slower  rate,  again  accompanied  by  little  change  in 


47 


S.P.  The  effect  of  warming  to  22.6°C  ie  also  shown.  The  negative 
S.P.  fall<i,  and  then  sore  oxygen  can  be  rapidly  adsorbed,  before 
the  rate  slows  down  again.  The  weaning  of  the  higher  maximum 
negative  S.P.  attained  at  22.6°C  is  obscured  by  the  fact  that 
small  doses  of  oxygen  were  admitted  initially  with  a  hot  cathode 
filaaent,  and  hence  atosic  oxygen  was  present.  The  behaviour  at 
58°C  is  very  similar.  On  cooling  back  to  25°C  the  rate  ia  than 
inner surably  slow  over  8  hours  at  1(j  torr  pressure,  and  increas¬ 
ing  the  pressure  to  one  atmosphere  causes  no  disceraable  change 
in  the  film  resistance. 

Figure  17  shows  the  dependence  of  oxygen  uptake  and 
film  resistance  on  time  at  -783C,  the  plots  are  basically  similar 
at  22.6°C  end  58°C.  At  various  points  on  these  plots  the  pressure 
was  suddenly  changed  ao  that  the  pressure  dependence  of  the  oxi¬ 
dation  could  be  ascertained,  so  dependence  of  uptake  on  pressure 
could  be  observed.  Attempts  have  been  made  to  fit  the  curves 
sinilar  to  figure  15  to  logarithmic,  inverse  logarithmic  end 
parabolic  equations,  but  the  results  are  indecisive.  At  all 
these  temperatures  it  ie  difficult  to  say  which  gives  the  better 
fit,  since  fits  can  be  obtained  with  both  log  and  inverse  log 
equations.  Bata  on  other  films  is  similar,  but  we  shall  not  at¬ 
tempt  to  discues  it  in  detail  until  it  ie  more  extensive. 

5*27  (c)  tow  iioiv-Cwriii  i»6u«l 

The  fact  that  the  S.P.  appears  largely  constant  at 
the  oxide  layer  grows  suggests  that  the  Mott -Cabrera  mechanism 
for  the  growth  of  thin  films  is  operative. 
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Cabrera  and  Mott^  suggested  the  following  model i  a 
ohemisorbed  film  exists  on  the  oxide,  and  ions  and  electrons  move 
independently  through  the  oxide  film.  At  low  temperatures  the  ions 
cannot  diffuse  under  the  influence  of  the  concentration  gradient  of 
ions,  but  the  electrons  can  pass  from  the  metal  to  the  oxygen  at 
the  film  surface.  This  process  results  in  cations  at  the  metal- 
oxide  interface,  and  anions  at  the  oxide-gas  interface,  setting 
up  a  strong  electric  field  across  the  oxide  whioh  is  sufficient 
to  pull  oations  through  the  oxide.  The  type  of  growth  law  obtained 
depends  on  the  thickness  region  considered  and  the  characteristic 
space  charge  depth  in  the  oxide.  If  for  an  oxide  of  thickness  X 

X>X1  "  kT 

where  Ze  «  charge  on  the  cation 
a  -  cation  jump  distanoe 
?  »  potential  across  the  oxide, 

then  r—  -  °-°™  at  constant  temperature,  whioh  gives  a 
parabolic  rate  law  on  integration. 

A  cubic  law  can  also  be  derived  for  a  p-type  semi¬ 
conducting  oxide,  if  the  number  of  cation  vacancies  is  depend¬ 
ent  on  the  field  strength  and  therefore  inversely  proportional 
to  the  oxide  thiokness. 

However,  for  chromium  Ze  is  likely  to  be  Je,  V  s  2  volts 


\ 
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and  a  z  2.5  X  giving  X^s  150  $,  which  is  much  larger  than  the 
oxide  thicknesses  with  which  we  are  presently  concerned.  At 
thicknesses  very  much  less  than  X^  the  electric  field  across  the 
oxide  is  eo  great  that  the  migration  rate  of  cations  is  no  longer 
proportional  to  the  field  strength,  and  the  oxidation  is  controlled 
by  non-linear  ionic  diffusion.  This  gives  the  following  rate 
equation 

§  -  X'fivexp  (20) 

where  N'  -  the  number  of  special  sites  per  unit  areo  at  the  metal 
surface  from  which  a  metal  ion  moves  into  the  oxide 
layer 

W  -  the  energy  barrier  which  a  cation  has  to  surmount  in 
moving  from  the  special  site  into  an  interstitial 
position  or  cation  vacancy,  with 
W  -  U  +  S  where  U  ■  the  activation  energy  for  diffusion 

within  the  oxide 

S  •  the  heat  of  solution  of  the  cation  in 
the  oxide 

a'  «  the  distance  between  the  special  surface  site  and  the 
top  of  the  energy  barrier 
q  ■  the  oharge  carried  by  a  mobile  cation 
Q  -  the  volume  of  oxide  containing  one  metal  ion 
v  »  the  frequency  of  vibration  of  the  cation 
R  »  the  gas  constant 
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N  -  Avogadro8  number 

¥  -  the  field  existing  across  the  oxide  layer 

•  Y  where  Y  -  the  potential  across  the  oxide  layer 
X  -  the  oxide  thickness 

This  equation  has  previously  been  found  applicable  to  the  oxi¬ 
dation  of  iron  films  (Roberts52),  the  anodic  oxidation  of  niobium 
(Adame  and  Kao55),  the  oxidation  of  barium  (Bloomer  and  Cox5^), 
and  the  nitridation  of  oalcium  films  (Roberts  and  Tompkins55)* 

The  fact  that  the  S.P.  of  chemisorbed  oxygen  on  ohromium 
is  approximately  -2.2V,  and  that  the  S.P.  appears  to  be  approxi¬ 
mately  constant  as  a  thin  oxide  layer  grows  suggest  that  this 
rate  equation  might  apply  here.  The  observation  that  the  uptake 
versus  time  (figure  17)  does  not  give  a  uniquely  good  fit  with  an 
Inverse  logarithmic  plot  as  predicted  by  the  above  equation  is  not 
considered  a  serious  difficulty  for  the  reasons  outlined  in  seo- 
tion  5» 27(a). 

The  high  constant  S.P.  during  the  growth  of  the  oxide 
however  ic  not  oonolusive  proof  that  the  above  mechanism  holds, 
since  the  measured  potential  might  not  appear  across  the  oxide  to 
cause  oation  diffusion.  Apart  from  a  potential  appearing  between 
chemisorbed  oxygen  atoms  and  the  metal,  other  double  layers  of 

charge  are  possible  which  would  contribute  to  the  measured  S.P. 

36 

but  not  the  field  across  the  layer.  Grimley  and  Trapoell  have 
considered  the  case  where  chemisorbed  oxygen  bonds  to  oxide  sur¬ 
face  metal  ions,  which  ohange  their  valency  in  order  to  give 
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eleotron?  to  the  chemisorbed  layer,  nils  process  may  gire  a  field 
that  is  loosXmed  *■  " \ /  as.  ion  pair  and  does  not  act  across  the 

oxide  layer.  Neutral  pairs  may  be  converted  into  adsorbed  ions 
by  an  electron  transfer  from  the  metal,  thus  creating  a  fiel? 
but  the  proportion  of  such  ions  may  well  be  small  because  trans¬ 
fer  involves  a  great  reduction  in  the  Coulomb  energy  of  attrac¬ 
tion  between  metal  and  oxygen  ions.  They  trsat  two  cases,  one 
where  the  surface  is  saturated  with  field  creeping  species, 

(p-  or  n-type  oxide)  and  the  case  where  an  equilibrium  exists 
between  neutral  pairs  and  field  creating  ions.  The  former  re¬ 
sults  in  a  linear  law,  and  the  latter  can  lead  to  a  variety  of 
laws  under  different  circumstances. 

We  have  observed  that  if  an  oxide  layer  is  saturated 
with  oxygen  by  allowing  the  slow  adsorption  at  -78°C  to  proceed 
until  the  rate  is  almost  immeasurably  slow  at  an  oxygen  pressure 
of  several  microns  with  the  cathode  filament  cold,  the  oxide  our- 
fact  i 8  not  saturated  with  field  creating  species.  This  was  as¬ 
certained  by  pumping  out  the  residual  gas,  switching  on  the  diode 
and  admitting  a  small  quantity  of  oxygen.  The  S.P.  at  this  point 
was  close  to  the  saturation  value.  The  small  increment  was  rapidly 
adsorbed  with  a  negative  S.P.  ohange  which  decayed  back  to  the 
initial  S.P.  at  a  rate  implying  that  the  rate  of  oxidation  was 
much  faster  than  during  the  slow  uptake  at  -78°C.  The  cathode 
was  then  cooled  and  a  further  small  increment,  was  slowly  adsorbed 
at  the  same  rate  as  the  slow  adsorption  (confirming  the  lack  of 
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pressure  dependence).  After  12  minutes  the  S.P.  had  not  me  a; ur- 
ably  changed.  These  observations  imply  that  a  full  monolayer  of 
cheat sorbed  oxygen  contributing  to  the  measured  S.P.  does  not 
exist  at  the  oxide  surfaoe,  since  by  supplying  the  energy 
required  to  dissociate  oxygen  moleculeo  further  oxygen  can  be 
chemisorbed,  leading  to  an  increased  field  and  increased  rate 
of  incorporation. 

Contrary  to  our  previous  statement  (Crossland  and 
26 

Roettgers  )  this  phenomenon  is  in  full  agreement  with  the 
assumptions  of  the  Mott-Cabrera  theory 1  In  the  theory  the 
constant  potential  arises  in  the  following  way*  electrons  pass 
through  the  oxide  layer  from  the  metal  to  the  oxygen  adlayer 
(probably  by  electron  tunneling)  at  a  rate  that  is  fast  oompared 
with  ionic  notion.  The  adsorbed  oxygen  is  then  assumed  to  be 
partly  ionised* creating  a  field  across  the  oxide  layer  until  a 
quasi-equilibrium  of  eleotron  flow  in  both  directions  is  es¬ 
tablished  over  a  period  shorter  than  the  diffusion  time  of  a 
metal  ion.  The  electrostatic  potential  V  built  across  the  oxide 
layer  is  then  independent  of  thickness,  and  the  field 


is  thickness  dependent.  Since  the  field  is  also  given  by  the 
Coulomb  formula 


P 


4*  Ze  n 
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where  Ze  -  the  charge  per  oxygen  atoa 

n  -  the  nuaber  of  field  creating  species  per  unit  area 
and  Ze  can  be  aeeuaed  to  be  constant,  the  aeeuaption  of  a 
constant  V  aeons  that 

n  -  const,  x  ^ 

i.e.  the  layer  is  not  saturated  with  field  creating  species. 

The  experimental  observation  is  in  fact  in  disagreement  with 
Grimley  and  Trapnell's^  assumption  of  a  saturated  adlayer. 

The  most  direct  evidence  for  the  Mott-Cabrera 
mechanism  would  be  to  demonstrate  a  direct  dependence  of  the 
oxidation  rate  on  the  field  across  the  oxide  layer,  as  measured 
by  the  S.P.  divided  by  the  oxide  thickness.  This  would  estab¬ 
lish  that  the  potential  is  in  fact  appearing  across  the  oxide, 
and  any  potentials  contributing  to  it  from  either  a  "contact 
potential"  between  metal  and  oxide,  or  from  oxide  surface  effects 
such  as  those  postulated  by  Grimley  and  Trapnell^  must  be  small. 
We  describe  this  proof  below  using  data  similarly  attained  as  in 
figure  11. 

From  the  final  rate  of  incorporation  at  -78°C,  and  the 
initial  rate  at  25°C  (using  the  S.P.  change  as  a  measure  of  the 
incorporation  process)  activation  energies  can  be  calculated. 

This  method  is  particularly  valuable  since  it  allows  the  S.P. 
and  the  oxide  thiokness  to  be  varied.  At  each  point  where  the 
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activation  eaer gy  is  aeasured  we  also  aeasured  the  area  of  the 
film  by  xenon  adsorption ,  so  that  at  these  points  we  know 

i)  the  fila  surface  area 

ii)  the  S.P.  of  cheaisorbed  oxygen 

iii)  the  amount  of  oxygen  taken  up  by  the  fila 
i r)  the  activation  energy  for  incorporation 
This  allows  to  be  calculated,  and  if  the  Mott  Cabrera 

aeoharisa  holds,  this  quantity  should  be  direotly  related  to 
the  aeasured  activation  energy  AE,  since  according  to  eq.(20) 

AE  -  W  -  qa'  FN 
and  F  - 

TABLE  7.  ACTIVATION  ENERGIES  DURING  OXIMTION 


Observed  activation  Oxide  thickness  X  S.P. 

energy  (X  cal/aole)  (a)  X 

(Volts ft) 

3.4  2.1  .60 

5  4.6  .45 

2.?5  8.1  .32 

5.5  10.7  .27 

8  12.5  .23 

6.6  12.7  .24 


Table  V  shows  the  data  obtained,  and  figure  18  shows  a  plot  of 
S  P 

AE  versus  Th®  plot  should  be  a  straight  line,  whose 
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intercept  with  the  activation  energy  axis  is  Yt  the  entry  barrier 

far  cation  diffusion.  This  is  clearly  not  so  for  the  first  two 

points  of  table  Y  but  the  remaining  points  lie  cn  a  straight 

line  whose  intercept  corresponds  to  W  -  24  Kcal/aole.  This 

value  is  vexy  similar  to  the  figure  of  22  Kcal/aole  derived 

from  volume trio  kinetic  data  for  the  nitridation  of  calcium 

films  (Roberts  and  Tompkins^),  and  20  Kcal/aole  also  derived 

from  vclumetric  kinetic  data  for  the  oxidation  of  iron  films 

(Roberts  ).  In  this  case  an  S.P.  of  approximately  2  volts 

was  assumed  whereas  the  correct  value  for  iron  is  probably 

21 

lower  (~  >1.6  volt, Quinn  and  Roberts  )  so  that  the  estimated 
20  Kcal/mole  is  probably  too  low.  Since  W  -  U  +  S  and  the 
measured  value  of  W  is  comparable  to  the  activation  energy  for 
diffusion  within  oxides,  the  heat  of  solution  of  the  cation  in 
the  oxide  must  be  small. 

The  fact  that  the  initial  points  at  equivalent  oxide 
thicknesses  of  2.1  and  4.6  X  do  not  lie  on  the  line  is  not  sur-r 
prising,  sinoe  a  definite  oxide  phase  over  the  metal  surface 
might  not  be  expected  at  such  low  effective  oxide  thicknesses. 

It  is  also  evident  from  table  Y  that  the  aotivation  energy  is 

S.P  1  i 

dependent,  on  ~yr~°  and  not  on  as  a  plot  of  AE  versus  ^  does 

not  give  a  straight  line. 

The  slope  of  figure  18  represents  a  very  small  value 
for  a'  if  the  diffusing  species  is  Cr^+  (near  1  X) ,  suggesting 


that  —  -  2  where  a  -  the  distance  between  planes  of  oxide  ionst 
as  had  to  be  assumed  for  the  nitridation  of  c&lciua  filns.  How¬ 
ever,  a  value  derived  in  this  way  would  be  in  error  if  the  oxide 
layer  was  not  entirely  Cr20 y 

The  data  therefore  indicates: 

(i)  The  S.P.  is  initially  constant  as  the  thin  oxide  layer 
grows. 

(ii)  There  is  e.  direct  dependence  of  the  rate  of  oxidation 
S  P 

on  -j-* ,  and  therefore  the  S.  P.  wust  appear  largely 
across  the  oxide. 

(ill)  The  oxide  surface  is  not  saturated  with  field  creating 

species.  We  therefore  conclude  that  thin  oxide  files  in 

the  region  0  to  20  X  thick  at  temperatures  up  to  around 

rooa  temperature  grow  by  the  Mott  Cabrera  oechaniaa, 

and  that  the  rate  equation  (20)  holds. 

20 

Roberts  has  listed  the  important  parameters  in  an 
oxidation  process  baaed  on  the  Mott- Cabrera  aechanisas. 

(a)  The  structural  characteristics  of  the  aetal  rurface, 
since  N*  is  relet  to  surface  defects. 

(p)  The  surface  potential  V  of  the  cheaisorbed  gas:  the 
lerger  the  S.P.,  the  more  extensive  will  be  the  in¬ 
corporation. 

(y)  The  value  of  W.  This  will  be  soall  when  the  heat 
of  solution  and  the  energy  for  cation  diffusion 


■s-sir *.v.»  m 
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are  snail.  Thus  an  open  type  oxide  structure  in¬ 
volving  a  cation  of  snail  radius  will  give  a 
snail  activation  energy. 

(y)  Electrons  nust  be  able  to  establish  an  equilibrium 

between  setal  and  adsorbed  oxygen  on  the  oxide  in 

a  tine  short  with  respect  to  that  required  for  a 

cation  to  diffuse  through  the  oxide. 

In  this  latter  context  it  is  interesting  to  note  that  Froshold 
37 

and  Cook  have  recently  shown  that  **3aaf f e-D. acher"  transition 
frcn  electron  tunneling  to  a  Kott-Cabrera  type  aechani  tm  in  the 
thin  oxide  fila  region  is  not  feasible.  This  is  in  agreesent 
with  our  findings,  since  we  have  found  tne  latter  sechanisa 
operative  fron  the  earliest  stages.  They  have  also  shown  that 
a  reverse  transition  froc  non-linear  ionic  current  controlled 
oxidation  to  electron  tunneling  controlled  oxidation  sight  be 
expected  at  a  higher  oxide  thickness  in  the  region  of  50  i. 

Present  work  is  sized  at  extending  the  rang*  of  tem¬ 
perature  and  oxide  thickness  to  verify  the  predictions  of  the 
Mott-Cabrera  theory  regarding  the  teaperature  dependence  of  the 
Uniting  oxide  thickness  and  the  onset  of  ''catastrophic"  oxida¬ 
tion,  and  to  find  its  limitations. 

3.27  (d)  "Second  layer"  oxygen  adsorption 

At  low  temperature  (-196°c)  and  when  the  surface  of 
the  filns  had  reacted  with  more  than  one  aonolayer  of  oxygen  a 
series  of  effects  were  observed  that  indicate  the  existence  of 
a  weakly  bound  state  of  oxygen  with  a  positive  dipole. 
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i)  Close  to  unit  coverage  of  oxygen  at  -I96°C,  tne  ad¬ 
mission  of  an  increment  of  oxygen  gives  an  initial 
positive  transient  S.P.  which  decays  to  give  the 
saturation  value.  If  the  adsorption  is  continued 
well  beyond  unit  coverage  the  saturation  S.P.  falls 
(as  found  on  nickel),  the  adsorbed  02,  giving  rise 
to  this  +S.P. ,  can  be  pumped  off  and  hence  is  weakly 
held.  Similar  behaviour'  occurred  when  oxygen  was  ad¬ 
mitted  at  -196°C  during  the  adsorptions  narked  2,5,4, 
eto.  on  figure  11,  a  positive  transient  preceded  the 
normal  negative  change.  The  magnitude  of  this  transi¬ 
ent  (a  few  mV  to  several  tens  of  mV)  increases  as  the 
surface  becomes  more  oxidised,  and  the  deoay  time  in¬ 
creases  from  a  few  seconds'  to  several  tens  of  seconds. 

ii)  At  high  coverage  of  oxygen  on  an  oxide  surface  at 
-196°C  the  normal  positive  drift  is  replaced  by  a 
slow  negative  drift  following  the  negative  maximum 
which  is  due  to  the  transfer  of  oxygen  from  the  weakly 
adKorbfcu  state  to  the  strongly  chemisorbed  state  with 
negative  S.P.  This  has  no  effect  on  the  incorporation, 
since  the  film  resistance  steadily  increases  at  the 
expected  rate  during  this  process, 

3  U)  Or  wa"aing  such  a  layer  from  -196°C  to  -78°C  a  negative 
aunaient  S.P.  occurs  before  the  normal  positive  decay 
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which  is  due  to  a  transfer  of  oxygen  from  the  weakly 
bound  state  to  the  chemisorbed  state  on  increasing 
the  temperature. 

Oxygen  molecules  do  not  strike  the  surface  and  in¬ 
stantly  dissociate  into  atoms  to  give  the  ucgatively  charged 
chemisorbed  species.  They  must  approaoh  this  state  via  a 
weakly  bound  state  of  adsorbed  specios  involving  oxygen  mole- 
oules  which  we  appear  to  have  observed.  A  positive  dipole 
might  be  expected  by  analogy  with  other  observations  of  weakly 
bound  species,  e.g.  physical  adsorption  gives  a  positive  S.P. , 
as  does  weakly  bonded  hydrogen.  This  'second'  layer  oxygen  has 
not  been  observed  to  be  stable  at  temperatures  above  -78°C,  but 
at  low  temperatures  it  becomes  more  stable  as  the  oxide  layer 
thickens. 


3.28  The  effeot  of  oxidation  on  the  film  resistance. 
It  is  difficult  to  separate  the  ways  in  which  chemi¬ 
sorption  of  oxygen  and  oxidation  might  influence  film  resis¬ 
tivity,  some  possible  ways  are  listed  belowj 

i)  A  simple  decrease  in  film  thickness  caused  by  the 
growth  of  the  oxide. 

ii)  Electrons  are  transferred  from  the  metal  to  chemi¬ 
sorbed  oxygen  atoms  at  the  surface.  A  number  of 
attempts  have  been  made  to  treat  qualitatively  th« 
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conduction  ohanges  during  chemisorption  by  considering 
the  number  of  electrons  removed  from  the  conduction 
band.  A  parameter  a  is  defined  as 

a  Z  —  ( see  for  example  Gundry  and  Tompkir 
a  n 
o 

where  AX  -  change  in  film  conductance 
X  -  initial  conductance 

z  »  total  number  ox  metal  atoms  in  the  film 
n  »  number  of  chemisorbed  atoms 
Although  a  has  been  identified  with  Nq^N^  (Nq  -  number 
of  bonds  per  chemisorbed  entity,  Nfi  -  number  of  bonds 
necessary  to  remove  a  surface  metal  atom  from  the 
conduction  process)  we  reject  this  as  being  not 
applicable  since  it  ignores  the  structural  hetero¬ 
geneity  of  the  films  and  all  other  effects except  the 
electronic  one,  (Gundiyand  Tompkins'’  ). 
iii)  On  polycrystalline  films  preferential  adsorption  and 
oxidation  might  occur  at  grain  boundaries  etc.  In 
any  case  adsorption  and  oxidation  at  grain  boundaries 
might  give  a  larger  contribution  to  the  resistance 
change  than  adsorption  and  oxidation  on  the  crys¬ 
tallite  surfaces, 

iv)  Oxidation  might  result  in  a  change  of  surface  proper¬ 
ties  which  could  influence  the  way  in  which  electrons 
are  scattered  at  the  surface. 
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v)  Oxidation  may  introduoe  impurity  scattering  centres 
into  the  films  to  a  depth  sufficient  to  affect  the 
resistance. 

vi)  It  has  already  been  observed  that  changes  in  film 
structure  accompany  the  oxidation,  this  will  be 
reflected  in  a  resistance  change. 

It  should  be  possible  to  assess  the  contribution  of 
some  of  these  processes  by  measurements  on  single  orystal 
films.  In  the  meantime  we  shall  use  the  parameter  a  simply 
as  a  normalised  resistance  to  desoribe  the  behaviour  of  the 
polycrystalline  films,  where  N  -  the  total  number  of  oxygen 
atoms  that  have  reacted  with  film. 

Resistance  variation  during  the  build-up  of  the 
negative  surface  potential  is  shown  in  figures  10  and  15. 

The  average  values  of  o  are  2.3  at  -78°C  and  1.1  at  -196°C. 
o  is  lower  at  the  lower  temperature,  because  there  is  con¬ 
siderably  less  sintering  and  the  partitioning  of  the  adsorbed 
oxygen  is  much  more  in  favour  of  the  chemisorbed  state,  since 
the  incorporation  process  is  activated. 

Figure  19  illustrates  this  point  in  mor*>  Ad¬ 

sorption  was  carried  out  initially  at  20°C  and  *  <•  film  then 
cooled  to  -196°C.  The  surface  potential  changes  much  more 
rapidly  at  -196°C  with  adsorbed  amount  and  the  resistance  much 
lens  than  at  20°C.  Whan  the  film  is  warmed  to  +20°C  with  no 


oxygen  in  the  gas  phase,  there  is  a  positive  ohange  in  S.P.  and 
an  increase  in  resistance,  showing  that  oxygen  is  being  trans¬ 
ferred  from  the  chemisorbed  state  into  the  metal  lattice.  The 
effect  of  briefly  warming  to  65°C  is  shown  earlier  in  the  plot, 
and  illustrates  the  same  effect  in  reverse.  Average  a  at  20°C 

is  5.9. 

The  resistance  versus  coverage  curves  of  figures  11 
and  16  are  convex  to  the  coverage  axis  because  initially  chemi¬ 
sorption  and  incorporation  occur  at  the  outer  surfaoe  of  the 
film,  with  less  effect  on  the  resistance  than  subsequent  ad¬ 
ditional  interactions  at  the  inner  surface.  The  curvature  is 
more  marked  at  -78°C  as  a  correspondingly  larger  amount  of  oxy¬ 
gen  can  interact  with  the  outer  surface. 

It  can  be  seen  from  figure  16  that  once  the  large 
negative  S.P.  increase  has  finished,  the  increase  in  resistance 
with  the  extent  of  oxidation  is  approximately  ll.^ar,  and  at 
-78°C  gives  a  »  3.5.  All  the  oxygen  taken  up  is  now  being  in¬ 
corporated,  hence  the  larger  a  .  This  linear  relation  and  the 
fact  that  the  T.C.Rs  of  the  films  were  not  appreciably  changed 
during  the  course  of  the  interaction  suggest  that  the  decrease 
in  film  thickness  with  oxidation  accounts  for  the  increased 
resistance. 


If  we  define  the  film  thickness  X^... 

i  xim 


to  be 


Xfilm  " 
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m 

p  x  a 
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with  m  ■  fi\m  mass 

p  -  film  density 
a  ■  geometric  film  area 

we  find  -  525  With  the  oxide  thickness  XQxi(je  “  8*9 

we  have 


Xoxide 

Xfilm(4) 


1.7  x  10 


which  should  be  equal  to  the  relative  resistance  change  due 

K 

AD  m2 

to  oxidation.  Since,  however,  we  measured  —  »  12.8  x  10  ,  we 

have  to  assume  an  effective  film  thickness  X_  ,  \  «  70  8. 

1  ilm(4 ) 


If  the  film  thickness  is  calculated  from  the  mass  and 
the  area  as  measured  by  xenon  adsorption,  values  in  the  range  60 
to  120  2  are  obtained.  These  results  suggest  that  the  film 
resistance  may  be  controlled  by  regions  of  low  thickness.  Quanti¬ 
tative  results  will  only  be  obtained  from  measurements  on  smooth 
single  crystal  films. 


4.  SINGLE  CRYSTAL  FILMS 

4.1  Preparation  and  Structure  of  Single  Crystal  Chromium  Films 

Two  types  of  single  crystal  films  with  different  orien¬ 
tations  would  allow  the  dependence  of  oxidation  on  the  orientation 
to  be  studied.  The  growth  of  such  oriented  single  orystal  films 
depends  very  much  on  the  type  of  substrate  used  (Pashley^). 
Numerous  substrates  were  considered  and  the  two  most  useful  ones 
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were  seleoted  that  would  give  films  of  two  different  orientations. 
They  werei  mica  which  would  give  either  a  (llO)  or  (ill)  orien¬ 
tation,  and  rocksalt  (NaCl)  that  should  give  a  (100)  orientation. 
Another  requirement  was  that  these  films  should  be  grown  in  U.H.V. 

under  clean  conditions.  This  has  been  known  to  present  problems 
/  40  x 

with  other  metals  (Matthews  ). 

4.11  Chromium  on  mica  substrates 

The  substrate  material  used  was  high  quality  ruby  mica, 
the  surface  prepared  by  splitting  the  mica  sheet,  this  process 
exposing  a  cleaved  surface.  Initially  chromium  was  deposited  onto 
these  air  cleaved  surfaces  over  a  range  of  substrate  temperatures 
from  25°C  to  500°C.  These  films  were  examined  by  reflection 
electron  diffraction,  transmission  electron  diffraction  and 
microscopy  after  stripping  the  films  off  their  mica  substrates. 
Polycrystalline  results  were  obtained  with  some  preferred  orien¬ 
tation. 

On  the  basis  of  experience  with  other  metals  it  was 
thought  that  cleaving  the  mica  in  vacuum  would  improve  the  chance 
of  obtaining  single  crystal  films.  An  apparatus  was  constructed 
that  enabled  this  to  be  done  thus  exposing  a  fresh  clean  mica 
surface  to  the  chromium  source.  The  vacuum  system  used  for  all 
these  experiments  with  single  crystal  films  was  a  Varian  V.1.15 
ion  pumped  U.H.V.  system  fitted  with  a  similar  evaporation  source 
to  that  described  in  section  3*14.  The  rest  of  the  apparatus  is 
described  in  section  4-2. 
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Films  were  deposited  under  the  following  conditional 
Substrate  temperature  was  varied  between  25°C  and  500°C  and  de¬ 
position  rates  from  l8/seo  up  to  loS/sec,  The  best  film  crys¬ 
tallinity  was  obtained  at  substrate  temperatures  of  450°C.  The 
deposition  rate  was  not  found  to  be  critical  over  the  range  used. 

Examination  of  these  films  by  transmission  electron 
diffraction  and  microscopy  after  stripping  from  the  mica  showed 
them  to  be  composed  of  small  crystallites  whose  average  diameters 
ranged  from  a  few  hundred  up  to  thousand  angstroms  in  the  best 
films  (plate  4)*  The  diffraction  patterns  shewed  a  pronounced 
preferred  orientation,  and  in  the  case  of  the  better  films  a  spot 
pattern  was  obtained  (plate  3).  All  the  low  order  reflections 
were  present  except  the  ( 310)  and  it  was  concluded  that  these 
films  consisted  of  three  £ lio)  orientations  (figure  20).  The 
<001>  directions  of  the  crystallites  were  parallel  to  the  [OlO], 
[351]  and[33lJ  directions  of  the  mica. 

This  structure  can  arise  as  follows:-  The  positions 
of  the  atoms  in  a  chromium  (110)  plane  are  shown,  relative  to  the 
positions  of  the  potassium  ions  of  the  (OOl)  plane  of  the  mioa  in 
figure  21.  Three  [OOl]  spaoings  of  the  chromium  atoms  fit  to 
within  about  4 i»  the  spacing  of  the  potassium  ions  in  the  mica 
[010]direction.  There  is  a  misfit  in  the  [100  ]  mica  direction 
of  about  23$.  It  is  probable  that  epitaxial  growth  is  determined 
by  a  process  of  nucleation,  each  chromium  nucleus  will  become 
oriented  independently  so  that  its  [001]  direction  will  be 
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parallel  to  one  of  the  three  equivalent  <010>  mica  directions. 

This  situation  only  applies  to  the  isolated  nuolei. 

When  the  latter  grow  and  impinge  on  their  differently  oriented 
neighbours,  low  angle  boundaries  will  be  formed  between  them 
(plate  5)*  From  the  electron  diffraction  patterns  it  is  seen 
that  there  is  a  misorientation  from  perfect  epitaxy  of  about  _+  5°. 
This  misorientation  could  arise  during  coalescence.  Two  adjacent 
nuclei,  with  their  <001>  directions  parallel  to  the  fc)10]  and 
[35l]  aioa  directions,  will  each  have  a  <112>  direction  that  is 
at  an  angle  of  about  10j-°  to  the  other.  If  they  rotate  towards 
each  other  by  this  amount,  a  ooherent  (112)  twin  boundary  will  be 
formed  (figure  22).  The  boundaries  marked  T  in  plate  4  are  pro¬ 
bably  twins.  The  twin  will  have  a  lower  energy  than  a  low  angle 
boundary  and  will  be  stable.  The  diffraction  pattern  shows  that  a 
substantial  number  of  crystallites  must  be  oriented  in  this  way. 
All  other  misorientations  between  crystallites  will  be  taken  up 
by  dislocations  which  will  tend  to  be  perpendicular  to  the  film 
surface  and  be  immobile. 

Thus  it  would  seem  that  chromium  films  deposited  onto 
mica  substrates  will  always  show  this  type  of  structure  with  three 
(110)  orientations.  However  at  the  surface  only  the  (110)  confi¬ 
guration  is  present  and  therefore  surface  potential  measurements 
and  oxidation  studies  are  still  of  interest. 


4.12  Chromium  on  NaCl  cleavage  surfaces 
It  has  been  shown  by  Shirai^  that  chromium  can  be 
deposited  epitaxially  onto  rocksalt  surfaces  to  give  a  (lOO) 
orientation.  Attempts  to  produce  similar  films  deposited  at 
U.H.V.  onto  air  cleaved  substrates  were  not  successful,  only 
polycrystalline  films  with  some  preferred  (100)  orientation 
were  observed.  Following  the  experiences  of  other  workers  with 
other  metals  (Pashley^)  the  rocksalt  substrates  were  prepared 
by  cloaving  in  vacuum, and  good  single  crystal  films  were  obtained 
by  depositing  onto  these  freshly  cleaved  surfaces.  In  order  to  de¬ 
termine  the  optimum  deposition  conditions  for  the  perfection  of 
crystallinity  a  detailed  investigation  was  carried  out  over  a 
.'^de  range  of  deposition  conditions  and  substrate  preparations. 

The  apparatus  used  consisted  of  a  Varian  V.1.15  ion 

.9 

pumped  U.H.V.  system  capable  of  providing  vacua  of  10  torr, 
fitted  with  an  electron  bombardment  heated  chromium  source  as 
described  in  3*14*  The  substrate  crystal  was  mounted  in  a  clamp 
and  could  be  heated  by  a  small  furnace  up  to  500°C.  A  rotary 
feedthrough  was  connected  via  a  lever  to  the  substrate  protru¬ 
ding  above  the  clamp,  so  that  the  top  half  of  the  substrate 
could  be  cleaved  off  under  vacuum.  The  results  are  summarised 
below* 

(a)  Initially  films  were  deposited  on  air  cleaved  substrates 
between  room  temperature  and  300°C,  either  in  U.H.V.  or 
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at  10”^  torr  and  were  essentially  polycrystalline  with 
a  preferred  (lOO)  orientation  (plate  6).  The  best  films 
were  those  deposited  at  approximately  ?50°C  and  10"^ 
torr  pressure*  these  films  had  crystallite 
sizes  of  approximately  200  X  and  possibly  5 pre¬ 
ferred  orientation. 

(b)  Films  deposited  at  10~^  torr  on  -vacuum  cleaved  NaCl 
were  again  polycrystalline  over  a  large  temperature 
range  but  with  a  more  highly  preferred  orientation 
then  previously  (plate  ?). 

(c)  Air  cleaved  substrates  were  cleaned  by  heating  under 
vacuum  to  approximately  480°C  for  five  minutes  and 
then  cooling  to  the  usual  deposition  temperatures  be¬ 
tween  250°C  and  300°C.  Films  deposited  at  either  10”^ 
torr  or  10~^  torr  were  more  perfect  than  the  earlier 
films  but  still  with  some  polycrystalline  material 
present  (plate  8). 

(d)  Films  deposited  at  10”^  torr  on  vacuum  cleaved  NaCl 
were  single  crystal,  very  sharp  spot  diffraction 
patterns  were  obtained  (plate  9)»  The  best  films 
were  those  deposited  at  substrate  temperatures  be¬ 
tween  250°C  and  300°C. 

In  all  cases  the  orientation  vast- 

(coD^/AooD^  l no  ]  Jj  lioo)„tC1 


Only  in  the  depositions  at  10~^  torr  was  there  slight 
evidence  of  liool^z/lioo]^^ 

The  deposition  rate  was  varied  between  2X/sec  and  loX/ 
seo  but  did  not  sees  to  be  critical,  usually  a  rate  of  approxi¬ 
mately  jX/sec  was  used. 

These  single  crystal  films  have  been  found  to  be  con¬ 
tinuous  at  average  thicknesses  down  to  100  X.  At  such  low  thick¬ 
nesses  the  surface  to  bulk  ratio  is  high  and  it  might  be  expected 
that  surface  effects  might  be  detectable  in  the  film  resistivity 
measurements  (see  section  4-2). 

Electron  microscopy  and  diffraction  on  the  single 
crystal  films  showed  them  to  be  single  crystalline  over  the 
whole  area  of  the  substrate  with  no  evidence  of  grain  boundaries, 
stacking  faults  or  twins.  The  only  defects  observed  were  dis¬ 
locations  and  dislocation  clusters  (plate  10).  This  was  ouch 
more  marked  on  films  deposited  at  substrate  temperatures  of 
100°C  where  in  the  diffraction  pattern  the  (110)  spots  had 
broadened  into  arcs  subtending  angles  of  up  to  14°.  The  most 
perfect  films,  those  deposited  at  temperatures  between  200°C 
and  500°C  had  very  sharp  spot  patterns,  but  micrographs  taken 
in  the  region  of  extinction  contours  did  not  shew  a  smooth  in¬ 
tensity  variation  across  the  contour  but  e  rather  patchy  con¬ 
figuration  indicating  that  there  wore  still  large  numbers  of 
dislocations  present.  These  probably  originate  during  the 
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growth  process  when  ooalesoing  islands  cannot  reorientate  them¬ 
selves  completely  and  dislocations  form  at  the  coherent  boundary* 
The  pattern  formed  by  extinction  contours  in  regions  of  high 
symmetry  is  shown  in  plate  11. 

4.15  Nature  of  the  Rocksalt  Cleavage  Surface 

When  examining  films  on  rocksalt  cleavage  surfaces  by 
multiple  beam  interferometry  in  order  to  measure  the  film  thick¬ 
ness  it  was  discovered  that  these  surfaces  were  far  from  opti¬ 
cally  flat  and  were  traversed  by  many  cleavage  steps.  The 
features  cu  typical  oleavage  surfaces  which  may  effect  the  film 
resistance  were  examined  by  polarization  interferometry,  gold 
decoration  and  shadow  replication. 

The  polarization  interferometer  ettaorunent  fitted  to  a 
Reichert  Zetopan  optical  microscope  was  used  to  examine  what 
were  considered  good  cleavage  surfaces  cn  air  cleaved  rocksalt 
orystala  after  ooating  the  cleaved  surface  with  a  reflecting  film 
of  aluminium.  A  typical  micrograph  taken  with  this  instrument 
is  shown  in  plate  16.  The  plate  was  taken  using  white  light  bo 
as  to  locate  the  'black1  fringe,  measurements  were  taken  with 
O.on  monochromatic  light,  where  a  displacement  of  one  fringe 
width  corresponds  to  a  step  height  of  0.3p.  All  the  surfaces 
examined  were  similar  in  that  they  showed  steps  of  height  between 
(Xln  and  lp  and  spaced  on  average  approximately  100n  apart.  Be¬ 
tween  these  large  stepB  a  background  fuzz  was  visible,  but  not 
measurable  by  this  technique. 
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A  2 

A  technique  developed  by  Basset^  was  used  to  reveal 

these  fins  structure  steps.  It  consists  of  evaporating  a  very 

small  quantity  of  gold  (sufficient  to  give  an  average  film  thiok- 

ness  of  approximately  58)  onto  the  eurfcoe.  The  gold  nucleates 

preferentially  on  steps  and  features  on  the  substrate  and  these 

nuolei  grow  to  form  disorete  small  islands.  A  carbon  film  was 

then  deposited  onto  the  surface  which  fixes  the  islands  in 

position  and  after  floating  off  the  substrate  acts  as  a  support 

film  for  examination  by  transmission  electron  microscopy.  The 

outline  of  these  steps  and  terraces  are  clearly  revealed  (see 

plate  12).  This  does  not  give  any  measurement  of  the  step 
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height  although  according  to  Bassett  ,  these  steps  may  be 
monoatomio,  Thus  a  terrace  of  steps  as  in  plate  12  may  to¬ 
gether  form  a  sloping  step  of  approximate  height  100  X  and  the 
separation  of  these  terraces  may  be  typically  10fi. 

Surfaces  decorated  in  this  way  were  examined  after 
different  substrate  treatmentsi  Plate  12  shows  a  typical  sinuous 
pattern  on  air  cleaved  NaCI,  plate  13  shows  a  much  more  ordered 
pattern  found  on  substrates  cleaved  in  vacuum,  and  plate  14  shors 
how  the  surface  is  changed  by  heating  under  vacuum.  This  latter 

effect  is  probably  due  to  the  onset  of  thermal  etching.  The  re- 
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suits  are  similar  to  those  observed  by  Sella  and  Trillat  and 
44 

Bethgeand  thus  indioe.te  that  our  surfaces  are  similar  to  those 


found  by  other  workers 
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It  may  be  concluded  that  even  the  best  rocksalt  oleavage 
surfaces  are  not  atomioally  flat  but  are  covered  by  many  small 
stepk  of  height  up  to  1G0  X  spaced  up  to  10|i  apart  and  larger 
steps  of  between  O.lp  and  In  in  height  spaced  up  to  ICCp  apart. 

V/e  must  now  consider  whether  this  type  of  surface  is 
likely  to  present  any  problems  with  resistivity  measurements  whioh 
depend  on  the  film  being  continuous  and  uniform  over  the  area  of 
film  between  current  and  potential  contacts,  bearing  in  mind  that 
she  thinnest  continuous  film  available  is  approximately  100  8 
thick. 

The  100  X  type  steps  ere  seen  from  decoration  to  be 
composed  of  terraces  of  smaller  steps  and  it  is  reasonable  to 
suppose  that  a  100  8  chromium  film  would  be  continuous  over  these 
steps.  To  determine  the  profile  of  the  larger  steps,  gold- 
palladium  shadow  replication  was  used.  With  a  shadowing  angle 
of  45°  in  a  direction  perpendicular  to  the  step  edge  the  film 
was  seen  to  be  continuous  over  both  leading  and  trailing  edge 
of  the  steps  (plate  15)  whioh  shows  that  these  steps  are  probably 
also  composed  of  much  smaller  terraces  giving  the  larger  steps 
an  average  sloping  surface.  This  indicates  that  a  100  X 
chromium  film  might  again  be  expected  to  form  continuously 
over  these  large  steps. 

Thus  we  may  conclude  that  these  surfaces  although 
stepped  are  not  likely  to  present  any  problem  in  getting 
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film  continuity  for  resistivity  measurement.  If  problems  do 
arise  later  with  the  large  steps  then  this  may  be  avoided  by 
using  more  than  one  source  and  depositing'  at  different  angles 
onto  the  substrate. 

4.2  Electrical  Measurements  on  Clean  Single  Crystal  Films 

To  determine  the  effect  of  oxidation  on  the  electri¬ 
cal  conduction  process  in  the  films  it  is  first  neoessary  to 
measure  the  resistance,  resistivity  and  T.C.R.  as  a  function  of 
film  thickness  under  clean  conditions  at  U.H.V.  This  will  help 
to  define  the  electrioal  conduction  process  in  the  dean  films, 
and  serve  as  a  starting  point  for  assessing  the  manner  in  which 
ohemisorption  and  oxidation  change  the  film  resistance.  We  hope 
to  separate  the  possibilities  outlined  in  section  5*28  by  a  com¬ 
parison  of  the  behaviour  of  these  films  with  the  polyory stall ine 
films.  It  has  been  noted  in  the  previous  section  that  the  thin¬ 
nest  single  crystal  films  available  are  approximately  100  X  thiok, 
which  is  thin  enough  to  show  effeots  connected  with  surfaoe 
scattering  (Choppra  and  Bobb^) .  To  get  electrioal  contacts 
onto  a  film  deposited  on  a  vacuum  oleaved  substrate  without 
breaking  the  vacuum  presents  some  experimental  problems.  These 
have  been  only  partially  solved  for  the  oase  of  mica  substrates, 
but  a  satisfactory  system  haB  been  devised  for  films  on  NaCl 
substrates. 


For  measurement  of  film  resistance  it  is  undesirable  to 
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use  a  two  terminal  method  since  the  contaot  resistance  between 
the  contaot  leads  and  the  film  may  be  comparable  with  the  film 
resistance.  A  four  terminal  method  was  preferred,  with  two 
current  contacts  and  two  potential  contacts  thus  eliminating 
any  oontact  or  lead  resistance. 

4.21  Chromium  on  mica  substrates 

High  quality  muskovite  ruby  mica  plates  of  -  0.012" 
thickness  were  machined  into  a  cross  shape  (figure  23a)  with 
shallow  grooves  cut  across  two  arms  of  the  cross.  These  arms, 
centre  section  and  grooves  were  covered  with  a  gold  film  of 
approximately  500  X  thickness.  A  blade  was  inserted  into  the 
edge  of  one  of  the  other  arms,  at  about  half  the  groove  depth, 
the  flap  raised  slightly  so  that  the  cleave  propagates  as  far 
as  the  junction  with  the  side  contact  arms.  The  substrate  was 
then  clamped  onto  its  heater  in  the  vacuum  system,  gold  pressure 
contacts  placed  on  the  gold  contaot  arms  and  the  raised  flap 
connected  with  a  fine  wire  to  the  rotary  feedthrough.  The 
rotary  drive  thus  cleaved  the  mica  by  pulling  the  flap  back 
(figure  23b  )  and  the  freshly  cleaved  surface  was  exposed  to 
the  chromium  source  mounted  above.  The  current  contacts  were 
made  to  the  film  at  the  junction  between  the  gold  film  on  the 
machined  grooves  and  the  chromium  film  which  overlap  in  this 
region.  After  deposition  a  pair  of  independently  sprung 
probes  (figure  230)  were  carefully  lowered  onto  the  film 
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by  the  rotary  feedthrough.  These  probes  of  known  spacing  were 
positioned  in  line  with  the  current  contaots  just  inside  the 
grooves.  Thus  knowing  the  current  through  the  film,  film  and 
probe  dimensions,  measurements  of  the  potential  drop  across 
the  probes  would  give  the  film  sheet  resistivity. 

Considerable  difficulty  with  this  apparatus  was  mainly 

due  to  the  film  rupturing  at  the  point  of  contact  with  the  probes. 

Although  several  different  probe  designs  were  used  with  either 

radiused  or  pointed  ends,  the  'welding'  effect  between  clean 

probe  and  film  surfaces  caused  tearing  by  any  slight  subsequent 

movement  of  the  probes.  Four- probe  measurements  as  proposed  by 
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van  der  Pauw  will  be  carried  out  with  the  present  current  con¬ 
tacts. 

4.22  On  NaCl  substrates 

The  substrate  material  used  was  obtained  from  Harshaw 
Chemical  Company  in  the  form  of  rectangular  blanks  38  x  20  x  6  mm 
and  was  described  as  being  of  "good  cleavage  quality". 

45°  cuts  were  taken  out  of  opposite  sides  so  that  a 
plane  joining  the  apex  of  each  cut  bisected  the  crystal  along  a 
(lOO)  plane.  These  cut  faces  were  cleaned  and  polished  and  gold 
was  evaporated  through  a  mask  onto  these  sloping  faces  and  through 
another  mask  to  form  0.5  mm  wide  stripes  up  the  large  face  of 
the  crystal  (figure  24).  The  crystal  was  damped  in  a  copper 
block  with  liquid  gallium  in  the  recess  to  ensure  good  thermal 
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oont&ct  to  the  block.  Glass  terminal  plates  were  mounted  on 
the  sides  of  this  block  with  0.010"  gold  leads  attached.  The 
gold  leads  were  fixed  to  the  gold  contact  areas  by  a  room 
temperature  setting  50 °/a  alloy  of  gallium-gold  (Harmanr^ ). 
Soldering  and  thermal  compression  bonding  were  found  to  be 
unsatisfactory  due  to  thermal  damage  to  the  substrate  or  weak 
bonding  to  the  rocksalt  over  small  areas  of  contact.  This 
assembly  was  then  mounted  on  the  substrate  heater  and  cooling 
tank  in  the  vacuum  system  (figure  25). 

The  cleavage  technique  was  then  to  operate  the 
rotary  drive  connected  to  the  round  nosed  cleavage  hammer 
so  as  to  strike  the  centre  of  the  upper  half  of  the  crystal 
with  a  sharp  tap.  The  top  half  then  cleaves  off  along  a  (100) 
plane  at  the  narrowest  section  i.e.  at  the  top  of  the  sloping 
faces. 

The  chromium  film  was  then  deposited  onto  this 
cleaved  surface  to  overlap  the  gold  current  contacts  on  the 
sloping  faces.  Potential  contacts  were  made  by  the  gold 
stripes  on  the  sides  of  the  crystal  making  contact  over  the 
sharp  cleavage  edge  to  the  chromium  film.  The  substrate  con¬ 
figuration  then  consisted  of  the  current  contacts  across  the 
full  width  of  the  substrate  providing  parallel  current  flow 
along  the  film  with  the  edge  potential  contacts  providing 
contact  to  parallel  equipotential  lines  running  across  the 
film.  The  resistance  measured  is  therefore  over  a  region 
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defined,  by  the  width  of  the  substrate  and  by  the  distanoe  be¬ 
tween  the  inside  edges  of  the  potential  contacts. 

The  cirouit  for  the  resistance  measurement  consisted 
of  a  constant  current  source  connected  to  the  current  contacts 
of  the  film, in  series  with  a  standard  decade  resistance  box. 

The  potentials  across  the  standard  resistor  and  the  potential 
contacts  on  the  film  were  measured  on  a  100  mV  digital  voltmeter. 
The  procedure  was  to  measure  the  potential  across  the  film,  then 
the  potential  across  standard  resistance,  reverse  the  current  in 
the  circuit  and  repeat.  Any  thermal  e.m.f's  could  be  measured 
at  zero  current  and  compensated  for.  Prom  the  average  of  these 
measurements,  the  film  dimensions  and  the  potential  contact 
spacings,  the  film  resistivity  was  calculated. 

These  measurements  were  first  taken  at  deposition 
temperature  as  the  film  annealed  and  subsequently  as  the  film 
was  cooled  to  room  temperature  and  below.  Several  resistance 
versus  temperature  runs  were  made  from  which  the  T.C.R.  was  cal¬ 
culated.  Also  the  resistance  change  was  measured  as  the  vaouum 
system  was  let  up  to  atmospheric  pressure. 

So  far  the  major  problem  encountered  has  been  the  poor 
nature  of  the  cleavage  surfaces  obtained}  these  have  been  so 
badly  faulted  that  the  film  geometry  and  hence  any  resistivity 
measurements  have  been  meaningless.  This  is  surprising  because 
preliminary  experiments  with  cleaving  on  the  bench  produced 
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results  at  least  as  good  as  the  more  usual  blade  type  oleave  and 
surfaces  obtained  were  similar  to  those  discussed  in  seotion  4.13* 
It  was  thought  that  these  problems  might  arise  due  to  plastic 
deformation  of  the  crystal  at  high  temperatures  (stirland^  ). 
However,  even  cleaves  at  room  temperature  have  produced  the  same 
badly  faulted  surface. 

Attempts  have  also  been  made  to  anneal  out  the  strain 
in  the  crystals  prior  to  cleavage  by  heating  them  to  tempera¬ 
tures  up  to  450°C.  This  made  very  little  difference.  Recent 
work  has  been  directed  towards  modifying  the  method  of  cleav¬ 
ing  the  crystal  to  enable  cleaved  surfaces  to  be  obtained  com¬ 
parable  to  those  that  are  easily  produced  outside  the  vacuum 
system,  and  the  method  has  been  modified,  so  that  cleaving  is 
accomplished  by  a  slow  bending  force  with  a  slight  tensile  and 
shearing  component  transmitted  by  a  clamp  on  the  top  part  of 
the  rock  salt  crystal.  Cleavage  surfaces  produced  by  this 
method  have  been  consistently  good,  comparable  to  those  des¬ 
cribed  in  section  413.  At  the  time  of  writing  films  are  being 
deposited  on  these  surfaces  for  evaluation.  It  has  been  veri¬ 
fied  that  meaningful  resistivity  measurements  can  be  made  on 
films  deposited  onto  rocksalt  cleavage  surfaces  of  the  type 
described  in  section  4.13,  by  depositing  chromium  onto  such  a 
surface  cleaved  in  air  prior  to  mounting  in  the  vacuum  system. 

A  film  of  average  thickness  40  X  (almost  continuous)  had  a 
resistivity  of  only  three  times  the  bulk  value,  which  may  be 
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attributed  to  size  effects  and  shows  that  the  films  are  contin¬ 
uous  over  the  substrate  steps. 

Because  of  the  problems  mentioned  above  the  only 
meaningful  results  so  far  available  are  the  measurements  of 
T.C.R.  on  films  of  approximately  200  X  thick.  The  T.C.R. 
values  are  not  dependent  on  the  film  geometry  and  are  com¬ 
parable  to  the  value  for  bulk  chromium  of  +3.0  x  10"*^  deg.C-^ 
e.g.  T.C.R.  (0°C  ->  200°C)  -  +3.O5  x  10‘5  deg.  C_1 

T.C.R.  (0°C  ->  -50°C)  -  +2.36  x  M"5  deg,  C_1 

The  difference  between  these  results  and  those  on 

polycrystalline  films  reported  earlier  (section  3.22)  may  be 

due  to  their  more  highly  defective  structure.  These  results 
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are  much  nearer  the  bulk  value  than  those  of  Young  and  Lewis 

l8 

and  the  value  found  by  Gould  .  The  latter  reported  work  on 
glass  substrates  under  comparable  conditions  to  ours  and  found 
a  T.C.R.  of  approximately  +1.6  x  10*^  deg.  C-1  for  films  of 
200  X  thickness. 

The  lower  values  found  at  low  temperatures  may  indi¬ 
cate  the  onset  of  size  effect,  as  the  mean  free  path  of  con¬ 
duction  electrons  becomes  larger  at  low  temperatures  or  they 
may  indicate  a  high  residual  resistivity  in  the  films  due  to 
defects,  but  further  experiments  will  reveal  more  information. 

On  letting  the  vacuum  system  up  to  atmospheric  pres¬ 
sure  the  resistance  increased  consistently  by  13$  for  films 
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approximately  200  %  thick,  which  ie  to  be  compared  with  20  to  25# 
for  polycrystalline  films  on  glass  reported  in  section  },28. 

After  solving  the  cleavage  problem  oxidation  studies  will  new 
be  undertaken.  They  will  be  carried  out  in  the  vacuum  system 
described  in  section  4.31,  and  simultaneous  work  function  measure¬ 
ments  will  be  made  using  the  methods  described  there. 

It  ia  concluded  that  it  will  be  shortly  possible  to 
make  meaningful  measurements  of  resistance,  resistivity,  and 
temperature  coefficient  of  resistance  as  a  function  of  film  thick¬ 
ness. 


4.2?  ?ilm  thickness  measurements 
In  order  to  relate  electrical  measurements  to  film 
structure  or  surface  phenomena  it  is  necessary  to  have  accurate 
knowledge  of  the  film  thickness.  The  techniques  suitable  for 
this  work  can  be  divided  into  three  categories! 

(a)  Optical  methods  that  give  an  average  geometric  thick¬ 
ness. 

(b)  Chemical  methods  that  give  a  mass  thickness. 

(c)  X-ray  and  electron  beam  methods  giving  predominantly 
mass  thickness. 

(a)  Ogtical_methods 

Multiple  Beam  Interferometry  is  frequently  used  for  film 
thickness  measurements  and  is  capable  of  high  accuracy  at  low  film 
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thickness  (Scott  and  McLoughlan  ),  but  has  a  number  of  disad¬ 


vantages! 
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(1)  Masking  is  neceosary  to  produce  a  step  function  in 
the  filn,  which  is  experimentally  difficult  on  vacuum 
cleaved  substrates. 

(2)  Difficulty  in  positioning  the  step  eo  as  not  to  inter* 
fere  with  the  geometry  for  the  resistivity  measurement. 

(3)  The  cleaved  surface  has  step3  and  features  of  comparable 
height  to  the  file  step  height,  thus  upsetting  the 
fringe  pattern  and  caking  interpretation  difficult. 

(4)  These  single  crystal  substrates  are  not  in  general  as 
flat  as  the  usual  glass  substrates  and  consequently  the 
comparator  plate  as  used  with  the  F.2.C.O.  (Fringes  of 
Equal  Chromatic  Order)  system  cannot  be  placed  suf¬ 
ficiently  close  to  the  file  surface  in  the  step  region 
to  obtain  lew  order  number  fringes  that  are  necessary 
for  high  accuracy. 

Points  (l)  and  (2)  could  be  avoided  by  use  of  a  second 
control  substrate  but  in  view  of  the  other  limitations  method  (a) 
was  not  considered  to  be  a  practical  proposition. 

(b)  Chewical_Methods 

Mass  thicknesses  only  can  be  determined  by  chemical 
method 8.  Gooaetric  thicknesses  Can  then  be  calculated  assuming 
a  value  for  the  film  density.  The  methods  considered  differed 
only  ir.  the  technique  used  for  the  mass  determination.  The 
lower  limit  of  sensitivity  was  found  fror  knowr.  solutions  and 
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the  relative  accuracy  found  by  using  known  standard  solutions. 


TABLE  VI 

Technique 

Accuracy  at 
lower  limit 

Accuracy  at 

1  p.p.m,  stand¬ 
ard  solution 

Flame  adsorption 
spectrophotometry 

0.2  pg  +  50$ 

+  10* 

Spectrophotometry 
with  diphenyl- 
carbazide 

0.06  Mg  _+  25$ 

1+ 

a 

Polarograph 

0.2  Mg  +  25 * 

1+ 

Rectangular  sections  of  the  substrates  were  cut  out, 
and  the  film  area  measured  by  means  of  a  travelling  miorosoope. 
The  films  were  then  dissolved  for  analysis. 

(c)  X-ray  and_electron_beam  methods 

(1)  X-ray  fluorescence  has  been  used  for  film  thickness 
determinations,  but  is  not  applicable  for  films  on  NaCl  sub- 
stratee  due  to  the  characteristic  X-ray  emission  from  the  sub¬ 
strate  being  outside  the  measurable  range,  and  the  need  of 
accurately  known  standard  thickness  films. 

(2)  A  technique  using  an  Electron  Probe  Microanalyser 
(Hutchins'^)  for  mass  thickness  determinations  has  been  developed 
but  at  this  stage  has  not  been  capable  of  providing  sufficient 
accuracy. 

In  conclusion,  the  chemical  method  of  spectrophotomotry 
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using  diphenyl  carbazide  was  selected  as  the  most  reliable  and 
accurate  technique.  A  further  development-  incorporating  isotope 
dilution  analysis  is  being  investigated  and  may  give  a  further 
increase  in  accuracy. 

4.3  Measurements  of  Work  Function  Changes  on  Single  Crystal  Films 

The  importance  of  work  function  measurements  on  single 
crystal  films  has  been  outlined  in  section  2.2  and  is  emphasized 
by  the  measurements  on  polycrystalline  films  in  sec  cion  32.  Two 
types  of  measurement  system  have  been  constructed  for  this  pur¬ 
pose,  a  slow  electron  gun  diode,  and  a  vibrating  capacitor,  so 
that  the  moot  suitable  method  could  be  selected.  The  vibrating 
capacitor  arrangement  ia  new  being  assembled  in  conjunction  with 
the  rest  of  the  equipment  (vacuum  cleavage  apparatus,  evaporation 
source,  substrate  heater  and  holder  etc.)  so  that  measurements 
can  begin.  Work  towards  this  end  has  been  divided  into  three 
categories. 

4.31  The  vacuum  system  for  the  study  of  the  oxidation 
of  single  crystal  films 

The  single  crystal  films  have  a  low  area  and  a  rough¬ 
ness  factor  close  to  unity,  the  actual  area  being  approximately 
2 

1  cm  .  They  are  therefore  much  more  susceptible  to  surface  con¬ 
tamination  than  the  polycrystalline  films,  whose  actual  area  is 
several  hundred  square  centimetres.  To  be  certain  that  these 
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films  can  be  kept  clean  for  periods  of  many  hours  requires  a 

-V 

baseline  vacuum  in  the  10  torr  decade.  A  special  vacuum 
system  is  required  to  achieve  this,  and  also  a  special  method 
of  measuring  the  pressure,  since  this  is  below  or  dose  to 
the  X-ray  limit  of  conventional  Bay ard-Al pert  ionization 
gauges. 

A  schematic  diagram  of  the  vacuum  system  constructed 

is  shorn  in  figure  26.  It  is  a  boroBilicate  glass-mercury  sys- 
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tem  based  on  the  design  of  Venema  and  Bandringa'  ,  A  conven¬ 
tional  two- stage  mercury  diffusion  pump  backs  a  large  two -stage 
mercury  diffusion  pump,  the  top  part  of  which  is  bakeabie  at 
40O°C.  The  pumping  speed  ai  the  top  of  the  large  pump  is  50L/ 
sec.  The  tubing  diameter  beyond  the  last  diffusion  pump  is  two 
inches,  and  the  cold  traps  are  of  the  concentric  ball  type  for 
maximum  efficiency  and  conduction.  The  pumping  speed  at  the  top 
of  the  last  cold  trap  is  ^h/seo.  The  whole  apparatus  from  the 
last  diffusion  pump  onwards  is  bsJkeable  to  400°C  with  two  overn 
which  can  be  cooled  independently,  one  covering  the  diffusion 
pump  and  the  first  cold  trap,  and  one  covering  the  second  cold 
trap,  gauges,  etc.  After  outgassing,  apparent  pressures  of  1  x 
lCf 10  torr  and  less  are  indicated  by  a  Bayard-Alpert  gauge,  which 
is  close  to  the  X-ray  limit. 

To  increase  the  measurable  pressure  range  beyond  the 
X-ray  limit  a  hot  cathode  magnetron  gauge  was  constructed  after 
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the  design  of  Laffertjr  .  The  electrode  arr. aigement  employed  is 
shown  in  figure  27.  The  axial  magnetic  field  was  arranged  by 
placing  a  cylindrical  magnet  over  the  gauge.  A  field  of  about 
250  oersted  was  used,  but  the  value  is  not  critical.  The  fila¬ 
ment  was  connected  to  a  bridge  circuit  similar  to  the  diode 
bridge  circuit  described  in  section  3.12(a).  The  gauge  is  set 
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up  by  setting  the  anode  current  at  about  10  Amp,  and  then 

applying  the  magnetic  field.  The  anode  current  then  falls  to 

-8  -9 

10  to  10  7  Amp,  since  electrons  go  into  orbits  in  the  anode 
enclosure.  This  gives  them  a  very  high  ionization  efficiency, 
but  the  anode  current  is  very  small,  which  prevents  instabili¬ 
ties  in  operation  and  gives  a  maximum  ratio  of  ion  current  to 
X-ray  current.  The  calibration  of  the  gauge  should  be  linear 
down  to  5  x  10”^  torr.  Ions  are  collected  at  the  top  disc, 
and  the  ion  current  measured  with  an  electrometer  amplifier. 

The  bottom  plate  prevents  the  escape  of  electrons,  but  is  not 
as  negative  as  the  ion  collector  with  respect  to  the  cathode, 
so  that  most  ions  are  collected  at  the  ion  collector. 

Since  we  are  only  interested  in  making  certain  that 
the  baseline  pressure  of  the  system  is  of  the  order  of  magnitude 

required,  the  hot  cathode  magnetron  was  simply  calibrated  directly 
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against  the  Bay ard-Al pert  gauge  over  the  10  and  10  torr 
deoades,  and  the  sensitivity  deduced  from  this  calibration  was 
^sed  to  oonvert  ion  current  measurements  to  pressure.  A  calib¬ 
ration  ourve  is  shown  in  figure  28.  The  points  plotted  with 
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different  symbols  were  obtained  on  different  occasions.  It  can 

be  seen  that  the  X-ray  limit  of  the  Bay ard-Al pert  gauge  is  just 

becoming  evident  in  the  low  10-^  torr  region.  On  the  basis  of 
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this  calibration  the  baseline  pressures  of  between  5  *  10  torr 
and  1  x  lO”^  torr  have  been  achieved  with  this  system.  This 
should  be  adequate  for  the  purpose  in  hand. 

4.32  Slow  electron  gun  diode 

The  difficulty  with  the  retarding  potential  diode  me¬ 
thod  for  measuring  S.P.  changes  occurring  on  the  single  crystal 
film  is  that  the  diode  has  to  be  arranged  so  that  all  the  diode 
current  is  taken  by  the  small  single  crystal  film  area.  To  en¬ 
sure  this  a  low  energy  electron  gun  has  to  be  used  to  provide  a 
relatively  narrow  beam  of  low  energy  electrons  to  be  collected  by 
the  crystal  surface.  The  electron  energy  must  be  kept  below  50 
volts  to  avoid  ionizing  oxygen  in  the  reaction  cell.  The  con¬ 
struction  of  a  suitable  gun  and  the  design  considerations  have 
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been  described  by  Mitchell  and  Mitchell  and  we  have  adopted 
their  design.  A  schematic  diagram  of  the  gun  and  the  target 
assembly  used  for  testing  are  shown  in  figure  29,  which  also 
gives  the  various  electrode  potentials.  The  magnetic  field  was 
provided  by  a  coil  wound  on  the  glass  envelope  of  the  gun. 

The  small  target  T^  is  of  the  same  size  as  the  single  orystal 
film  surface  and  is  situated  approximately  3*5  cm  from  the  end 
of  the  gun.  In  the  final  design  of  the  reaction  cell,  which 
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has  not  yet  been  built,  the  single  crystal  surface  can  be  moved 
to  within  a  few  millimetres  of  the  end  of  the  gun  to  avoid  the 

54 

tedious  compensation  procedure  adopted  by  Mitchell  and  Mitchell. 
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This  is  similar  to  the  arrangement  used  by  Anderson  .  With  the 
test  arrangement  shown  it  was  found  that  over  95$  of  the  gun 
current  oould  be  focussed  onto  over  the  range  of  target 
voltage  0  to  60  volts.  The  magnetic  field  was  essential. 

This  is  considered  adequate  in  view  of  the  distance  between 
and  the  gun  in  the  test  arrangement. 

4.53  The  vibrating  capacitor 

Tests  on  a  vibrating  capacitor  arrangement  for  moni¬ 
toring  changes  in  work  function  of  single  arystal  films  have  been  con¬ 
ducted  in  conjunction  with  a  company -sponsored  programme 
aimed  at  measuring  grain  boundary  diffusion  of  gold  through 
thin  polycrystalline  chromium  films.  A  schematic  diagram  of 
the  test  assembly  is  shown  in  figure  29  and  the  circuitry  used 
in  figure  31.  The  principle  of  the  method  is  to  observe  the 
contact  potential  difference  between  a  gold  reference  surface 
which  will  not  change  during  oxidation  and  the  metal  film  (or 
the  test  surface)  as  follows! 

The  two  surfaces  ke  the  form  of  capacitor  platest 
the  gold  plate  is  earthed  and  electromagnetically  made  to  vi¬ 
brate  normally  to  the  plates  at  the  resonant  frequency  (Ua.25  Hz) 
of  a  tungsten  rod  to  which  it  is  attached.  The  film  (or  test 


surface)  is  held  at  10^  ohms  from  earth.  The  a.c.  signal  genera¬ 
ted  by  this  capacitor  is  amplified  and  detected  by  means  of  & 
phase  sensitive  detector.  The  rectified  output  voltage  from 
the  phase  sensitive  detector  is  smoothed  and  used  to  nullify 
the  potential  difference  between  the  plates  by  negative  feed¬ 
back.  The  nulling  potential  is  measured  by  a  digital  voltmeter 
and  equals  the  contact  potential  difference  to  within  O.lfo. 

The  reference  signal  for  the  phase  sensitive  detector  origin¬ 
ates  from  a  signal  generator,  and  the  same  signal  i3  fed  via  a 
frequency  divider  to  the  power  amplifier  that  energises  the 
electromagnet  which  excites  the  vibration.  A  stainless  steel 
bellows  arrangement  allows  the  gold  plate  to  be  accurately 
positioned,  and  moved  away  from  the  test  surface.  Tests  have 
been  conducted  with  this  arrangement  at  atmospheric  pressure  on 
the  bench,  and  sensitivities  of  a  few  millivolts  achieved.  It 
has  also  been  operated  under  vacuum  with  the  same  result. 

One  difficulty  with  this  arrangement  for  S.P.  measure¬ 
ments  during  oxidation  is  that  the  reference  plate  shadows  the 
single  crystal  film,  and  does  not  allow  uniform  access  of  the 
gas  to  the  surface.  The  importance  of  this  can  be  seen  from  the 
discussion  in  section  5*25*  To  avoid  this,  the  final  design  for 
measurements  on  single  crystal  films  allows  the  reference  plate 
to  vibrate  in  a  plane  parallel  to  the  two  plates  with  a  large 
amplitude  so  that  the  test  surface  is  only  shadowed  for  a  small 


89 


percentage  of  the  time.  A  schematio  diagram  of  the  layout  of 
the  reaction  cell  under  construction  for  films  on  vacuum 
oleaved  rocksalt  is  shown  in  figure  30. 

Cleavage  is  accomplished  by  accelerating  the  stainless 
steel  slug  along  its  tube  by  means  of  external  coils.  The  force 
required  is  not  great,  and  the  springs  prevent  fracture  of  the 
glass.  This  cleavage  arrangement  is  now  being  modified  in  the 
light  of  section  4.22. 

Electrioal  connection  is  made  to  the  film,  via  the  six 
leadthroughs  (4  for  resistance  measurement,  two  for  a  thermo¬ 
couple),  using  the  same  techniques  as  those  describeu  in 
section  4.22. 

The  substrate'  heater  is  mounted  outside  the  u.h.v. 
system,  and  the  substrate  is  heated  by  conduction  through  the 
stainless  steel  block.  To  minimize  heat  losses  the  tube  con¬ 
taining  the  heater  can  be  pumped  out  with  a  rough  pump.  The 
substrate  oan  be  cooled  to  temperatures  approaching  liquid 
nitrogen  by  circulating  liquid  nitrogen  through  the  tube. 

The  vibrating  8xm  and  reference  plate  can  be  moved 
out  of  the  way  during  deposition  by  means  of  the  stainless  steel 
bellowa  arrangement. 

During  measurements  all  metal  parts  excej.i  the  film 
are  earthed,  as  is  the  glass  envelope,  which  is  rendered  conduct¬ 
ing  by  coating  with  tin  oxide. 


The  electron  bombardment  evaporation  source  has  been 
deaoribed  in  section  3*14*  At  the  time  of  writing  this  reaction 
oell  is  still  under  construction  and  will  soon  be  operational. 

5.  SUMMARY  AND  CONCLUSIONS 

Surface  potential  measurements  on  polyorystalline 
ohromium  films  have  enabled  us  to  distinguish  three  species  of 
surface  oxygen  reacting  with  chromium  films t 

(a)  a  weakly  bound  state  with  a  positive  dipole  which  is 
found  at  low  temperatures  and  is  probably  molecular 
oxygen,  being  the  precursor  to  the  ohemisorbed  state, 

(b)  the  tightly  bound  chemisorbed  state, 

(o)  oxygen  atoms  incorporated  into  the  metal  lattice. 

The  latter  is  associated  with  the  largest  resistance  changes. 
Chemisorption  and  oxide  formation  on  polycrystalline  ohromium 
films  result  in  profound  changes  in  film  structure  resulting  in 
a  large  change  in  the  total  area  of  the  films.  This  must  be  taken 
into  acoount  when  calculating  oxide  thicknesses  and  when  consider¬ 
ing  the  impact  of  the  oxidation  of  the  film  resistance. 

Incorporation  of  oxygen  ocours  on  chromium  even  at  -196°C 
and  suboonolayer  coverages,  and  follows  a  logarithmic  law  indicat¬ 
ing  that  the  aotivation  energy  increases  linearly  with  increasing 
oxide  thickness.  The  behaviour  up  to  unit  coverage  may  be  due  to 
a  range  of  surface  sites  with  different  activation  energies  and/or 
a  eurface  field  effect.  Our  data  supports  the  former  view. 
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The  oxide  thickness  formed  by  exposing  the  films  to 
oxygen  at  tempe.atures  in  the  region  of  room  temperature  is 
approximately  20ft,  and  the  oxidation  is  not  dependent  on  oxygen 
pressure.  These  thin  films  grow  by  the  Mott-Cabreru  mechanism, 
the  S. P.  of  chemisorbed  oxygen  being  approximately  -2.15  volts 
and  the  entry  barrier  for  cation  diffusion  24  Kcal/mole. 

The  implications  of  this  mechanism  for  the  stability 
of  resistance  values  are  discussed:  The  oxidation  rate  and 
therefore  the  resistance  drift  will  deorease  with  the  number  of 
defect  sites  on  the  metal  surface  and  the  field  across  the  oxide 
which  is  proportional  to  the  S.P.  The  activation  energy  W  for 
cation  diffusion  should  be  large  for  a  slow  oxidation  rate  which 
is  equivalent  to  a  compact  oxide  structure  and  large  cations. 

The  optimisation  of  the  above  parameters  would  permit  the  growth 
of  a  very  thin  limiting  oxide  film  which  protects  the  resistor 
stability  better  than  a  thick  oxide  layer  for  which  the  parameters 
listed  above  are  not  optimised. 

The  oxidation  results  in  little  change  in  TOK  of  the 
films,  and  apart  from  the  initial  stages  the  film  resistance  in¬ 
creases  almost  linearly  with  oxide  thickness.  To  account  for  the 
magnitude  of  the  changes  an  affective  thickness  much  thinner  than 
that  deduced  from  film  mass  measurements  has  to  be  assumed. 

The  crystallinity  of  chromium  films  deposited  in  uhv  on 
air  cleaved  and  vacuum  cleaved  mica  and  rooksalt  surfaces  are  des¬ 
cribed.  The  conditions  necessary  to  grow  good  single  crystal 
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chromium  films  with  a  (100)  orientation  and  no  evidence  of  grain 
boundaries  and  also  highly  oriented  (llO)  films  have  been  derived. 
Techniques  are  described  to  allow  resistance  and  temperature  co¬ 
efficient  measurements  to  be  made  on  these  films  under  uhv  con¬ 
ditions.  A  study  of  the  nature  of  rocksalt  cleavage  surfaces  and 
electrical  measurements  on  thin  polycrystalline  filma  deposited  on 
air  cleaved  surfaces  indicate  that  meaningful  resistivity  measure¬ 
ments  can  be  made  on  single  crystal  films  down  to  low  thickness 
and  that  sufficiently  good  rocksalt  cleavage  surfaces  can  be  ob¬ 
tained  while  cleaving  in  uhv,  thus  establishing  that  these  films 
will  make  a  useful  vehicle  for  a  study  of  the  basic  mechanisms  of 
resistor  degradation  due  to  oxidation.  Measurements  of  the  TCR 
of  clean  single  crystal  films  reflect  the  fact  that  they  are 
structurally  more  perfect  than  the  polycrystalline  films.  Pre¬ 
liminary  measurements  indicate  that  the  TCR  is  not  changed  by 
oxidation  and  the  resistance  increases  less  than  polycrystalline 
films  of  comparable  thickness. 

Tests  are  described  of  two  methods  of  measuring  the 
surfaoe  potential  changes  occurring  on  single  crystal  films,  and 
of  an  ultra  high  vacuum  system  giving  a  baseline  vacuum  suffici¬ 
ent  to  eliminate  any  danger  of  contamination. 
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6.  SUGGESTIONS  FOR  FUTURE  WORK 

The  immediate  continuation  includes  the  extension  of 
data  towards  higher  oxide  thicknesses  and  temperatures,  in  order 
to  determine  when  the  kott-Cabrera  would  break  down,  and  what 
type  of  mechanism  takes  over  from  it.  The  influence  of  presorbed 
gaser  and  surface  treatments  on  subsequent  oxidation  will  also 
be  investigated  in  order  to  assess  the  possibility  of  minimizing 
long  term  oxidation  by  these  means.  The  equipment  for  vacuum 
cleavage,  resistance  measurement,  and  work  function  measurement 
on  single  crystal  films  are  now  being  combined  in  a  single  re¬ 
action  cell  which  will  give  information  concerning  electrical 
conduction  processes  in  clean  thin  film  structures,  the  way  in 
which  they  are  modified'  by  oxidation,  and  on  the  structural  de¬ 
pendences  of  oxidation  processes. 

Further  work  would  be  directed  towards  the  determination 
and  control  of  oxide  end  metal  surface  structures  since  they  in¬ 
fluence  considerably  the  oxidation  rate  (see  sections  5.25  and 
3.27/.  Since  only  Low  ihergy  Electron  Diffraction  (LKED)  and 
Reflection  High  Energy  Electron  Diffraction  (RHEED)  are  suitable 
methods  for  studying  surface  structures,  LEED  is  suggested  to  be 
applied  to  ou~  particular  problem  because;  it  allows  extremely 
thin  surface  structures  to  be  measured,  particularly  since  it 
can  be  combined  with  the  experimental  arrangement  described  in 
sections  4.12,  4.22  and  4.5. 
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Fiq  2  The  Reaction  Cell  Used  for  Adsorption 
and  Work  Function  Measurements  on 
Poiycrystalline  Chromium  Films 


Fig  3(b)  Automotic  Recording  Circuit 


Fig.  3.  Schematic  Diagram  of  Circuits  used  for  the  Measurement  of  Work 
Function  Changes  by  the  Diode  Retarding  Field  Method 

(a)  Manual  Circuit 

(b)  Automatic  Recording  Circuit 


I  (amps)  (  Log  scale) 


Fig.  4  Electron  Emission  from  Tungsten  (Curve  4),  Compared  with 
Lanthanum  HexGboride  Coated  Cathodes.  I  V  Curves  are 
Shown  as  a  Function  of  Cathode  Temperature 


Relative  negative  anode  work  function  (mV) 


Time  ( Mins) 


Fsg. 5-  Evaporation  of  Lanthanum  from  LaBg  /ZrC/w 
Cathodes . 

The  Graph  Shows  Changes  in  the  Work  Function  of 
a  Gold  Anode  in  the  Vicinity  of  the  Cathode  as  a 
Function  of  Time  at  a  Number  of  Temperatures. 
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Fig. 6. The  Adsorption  of  Xenon  onto  a  Clean  Chromium  Film 
at  -  196*C.  The  S.  R  is  Shown  as  a  Functions  of  Amount 
of  Xenon  Adsorbed.  The  Saturation  Point  Indicates  the 
Formation  of  One  Monolayer. 
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Fig. 10  0  The  changes  in  S.P.  During  the  Interaction  of  a  Chromium 
Film  with  Oxygen  at  -196°C.  The  Resistance  Change  is 
Also  Shown  ©  ©  ©  (§)  Show  Adsorption  of  Oxygen 
Onto  the  Same  Film  Surface  at-196°C  After  it  has  been 
Successively  Regenerated  by  Warming  to  20°C 
Tne  Points  @  ©  Gnd  ©  refer  to  Fig.12 
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S.P..  volts 


Fig. 12  The  S.R  Versus  Time  Traces  for  the  Doses 
Marked  @(B)  and  ©  on  Figure  © 


Fig. 14  Relationship  Between  S.P.  Change  and  the  Number  of  Oxygen 
Atoms  Incorporated  into  the  Chromium  Lattice  (Deduced  from 
Figure.  10.) 
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Fig  15.  Resistance  and  SP  Changes  Occurring  During 
Adsorption  and  Incorporation  of  Oxygen  on  a 
Chromium  Film  at  -7S°C  as  a  Function  of  the 
Number  of  Oxygen  Molecules  Adsorbed 
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Fig.16  The  Resistance  and  SP  Changes  Occurring 
During  the  Growth  of  an  Oxide  Film  on 
Chromium  at  -78°C.  The  Effect  of  Warming 
to  22-6°C  and  58°C  when  the  Limiting 
Oxide  Thickness  is  Formed  are  also  Shown 
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The  Dependence  of  Activation  Energy  During 
Oxidation  on  the  Field  Across  the  Oxide  as 
Measured  by  the  Surface  Potential  Divided 
by  the  Oxide  Thickness 


Fig.18 
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Fig.19 .  The  Surface  Potential  and  Resistance 

Chcnges  Occurring  During  Chemisorption 
and  Oxidation  on  a  Chromium  Film  at 
Room  Temperature  and  Sub  -  monolayer 
Coverage.  The  Effects  of  Warming  and 
Cooling  are  Shown 


ohms 


°/  c,  N?  V  \b 

b/  £  V 

a/  \b  200 

c{  110  fcfcll  220 

bV  /a 

«\  f  .  h 

b\  c\  >  -*b  /b  /a 


H22 

f» 


Mica 


Fig. 20.  Diffraction  Pattern  Produced  by  Three 
Sets  of  {lio}  Nuclei  (a,bc,)  at  60° 
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Fig.25. Chromium  Deposition  onto  NaC-t  Substrate 
Cleaved  in  Vacuum. 
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Fig. 27.  Electrode  and  Filament  Arangement  (Front 
and  Side  Views)  of  Hot  Cathode  Magnetron 
Gauge 
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Fig.3C. Vibrating  Capacitor  Test  Arrangement. 
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PLATE  1.  Diffraction  pattern  of  polycry s tali ine  chromium  film 
deposited  on  glass 


PLATE  2.  Micrograph  of  polycrystalline  chromium  deposited  on  glass 
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PLATE  3.  Diffraction  pattern  of  chromium  film  deposited  on  mica 
(lio)  orientation. 


PLATE  4»  Micrograph  of  chromium  deposited  on  mica  snowing  twin 
boundaries  T. 
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HATE  5-  Micrograph  of  chromium  deposited  on  mica  showing  low  angle 
boundaries  L 
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PLATE  6. 


Diffraction  pattern  of  chromium  deposited  on  air  cleaved 
NaCl  at  10”°  torr. 


PLATE  7*  Dif f rac  tion. oat  tern  of  chromium  deposited  on  vacuum  cleaved 
NaCl  at  10’6  torr. 


PLATE  8.  Diffraction  pattern  of  chromium  deposited  on  air  cleaved 
NaCl  that  had  been  heated  to  480°C  and  then  cooled  to 
deposition  temperature  at  10"°  torr. 


PLATE  9.  Diffraction  pattern  of  single  crystal  chromium  film  deposited 
on  vacuum  cleaved  NaCl  at  10"9  torr  (lOO)  orientation 
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PLATE  10.  Micrograph  of  single  crystal  chromium  film  deposited  on 
vacuum  cleaved  NaCl  at  10“9  torr. 


PLATE  11.  Micrograph  of  single  crystal  chromium  film  showing  extinction 
contour  pattern. 
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PLATE  14 


Gold  decoration  replica  of  NaCl  surface  cleaved  in  air  and 
heated  to  480°C. 
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13  ABSTRACT 

An  attempt  has  been  made  to  study  the  oxidation  of  thin  film  resistors  and  its  im¬ 
pact  on  the  electrical  film  properties  as  an  isolate!  process.  Folycryatalline  and 

single  crystal  chromium  films  were  deposited  under  extremely  clean  conditions  thus 
leaving  mainly  the  various  gas-metal  interactions  as  possible  degradation  process. 

Simultaneous  measurements  of  resistance  and  surfaoe  potential  as  functionaof  oxy¬ 
gen  uptake  from  atomically  ciean  polycry stsl line  films  upto  20A  oxide  thickness 
distinguished  between  the  individual  oxidation  stages, and  it  was  found  that  the  ki¬ 
netics  of  incorporation  is  consistent  with  the  surface  potential  and  the  surface 
structure  to  be  rate  controlling.  At  oxides  thicker  than  6 X  the  oxidation  is  gov¬ 
erned  by  the  Mott-Cabrera  mechanism  over  the  temperature  range  from  below  -78°C  to 
higher  than  +50  C.  The  oxidation  appears  to  affect  the  resistance  merely  by*th* 
reduction  of  the  cross  section  of  the  conductive  path,  the  effective  thickness  being 
much  less  than  the  measured  mass  thickness. 

Single  crystal  chromium  films  without  detectable  grain  boundaries  over  the  substrate 
area  have  been  prepared  on  vacuum  cleaved  rocksalt.  A  reliable  contacting  tech¬ 
nique  has  been  developed  and  the  rocksalt  surface  fine  structure  found  to  be  com¬ 
patible  with  meaningful  electrical  measurements.  Preliminary  measurements  showed 
the  TCR  to  be  equal  to  the  bulk  value  above  room  temperature. 

Equipment  for  simultaneous  surface  potential  and  resistance  measurements  during 
oxidation  of  single  crystal  films  has  been  designed  and  constructed. 
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